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PREFACE

,;ﬁn It is reported that by using the Nd glass laser, experiments of
beam-target interaction are carried out and neutrons are observed,
released from targets. The maximum number of observed neutrons, however,
is of the order of 1013, which is much less than that for the real goal,

1021. The physics nowadays occuring in a tiny test-target will

i.e.,
differ from that in a practical target in a reactor. It is very
important at present to reveal the phenomena occuring in a practical
target and to make clear the phy:t.cs of target implosion. At the end of
1985, construction of PBFA-II in Sandia National Laboratories was
finished. PBFA-II can extract the lithium beams of 2MJ. By this value,
are expected achievement of breakeven and release of nearly practical
amount of fusion energy from a target. Unfortunately, experiments
regarding beam-target interaction are not realized yet. Thus the
theoretical and numerical approaches wilil play an important role in ICF
research at present. And developement of pulsed power techniques in
Japan seems urgent for fusion research.

On September 30 and October 1, symposium on "Physics of Target
Implosion and Pulsed Power Techniques" was held in Yockohama, being
participated by three professors from Spain, where the theoretical and
numerical studies are being rerformed most earnestly for the ICF
research. Prof. L. Drska, one of the organizer of the 18th ECLIM, of
Tech. Univ. of Prague, could not attend the symposium due to delay of the
arrival at Japan, but kindly has submitted the manuscript for the
proceedings. The proceedings will be useful for ICF researchers, 1
believe, and many requests from abroad to receive them have been
accepted.

In summary, describing the program of symposium here, I would like to
express my cordial thanks to the Institute of Plasma Physics, Nagoya
University, for the fact that almost all works by Japanese reported here,
have been carried out by using the facilities in IPP Nagoya, according to

the cooperative program of the Institute.

Keishiro Niu

Tokyo Inst, of Tech.
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ANALYSIS FOR FUEL INPLOSION IN ICF TARGET AND PELLET GAIN

Keishiro Niu, Takayuki Aoki and Hiroshi Takeda
Department of Energy Sciences, The Graduate School at Nagatsuta
Tokyo Institute of Technology
Nagatsuta, Midori-ku, Yokohama 227, Japan

A power plant to extract 1GW electric output power is proposed.
After the properties of the DT fuel is examined, the compression and the
heating of the fuel in the target due to the implosion motion is
analyzed. The optimized parameters of the target is investigated for

extracting the maximum fusion energy.

§1. Introduction
Pulsed power of 36MW by using proton beams for inertial confinement

is proposed here to obtain 1GW electric output power from a fusion power

= Tyre 1 and 2 power supply sysiems plant. One shell ' three layers '

? = Type J puwer supply system lor biasing target cryogenic target with the optimized

3 = Iteactor ¢, vity

4 = Motor 1o rotate the reactor vessel parameters is shown for proton beams

5 = Dewterium separator liom the argon gas 5

6 = fritium separator lrom the a:gonggasgand the as the energy driver, and the deute-
flibe rium-tritium (DT) fuel in the target

7 = Heat exchanger from the Flibe to NaF-OF ,

B = Heat exchanger from NaF-BF, 1o the water is analyzed related with its implosion

9 = Steam tunhine motion.

10 = Electric power gencrator

§2. Pulsed Power

A typical inertial confinement
fusion (ICF) power plant is schema-
tically illustrated in Fig.l. In the
rotating reactor vessel made of a
nickel compound, the molten salt flibe
flows as the coolant and the T
breeder. Six proton beams are irr-
adiated in a spherically symmetric way
on the target at the reactor centre

through the beam port on the vessel

AN - wall. Figure 2 gives an idea of

N rotating reactor vessel. The power

Fig 1. Fower pham
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Fig. 2. Fusion reactor.

GS = Gap switch MGS = Magnetic gap switch
ICL = Impedance conversion line MITL = Magnetically insulated ission line
ISC =1 i g i PEOS = Plasma erosion opening switch
Marx = Marx generstor PFL = Pulse forming line
N 28 m

6.7m 06Im 23m
L

Diode «—— ICL

MGS

Fig. 3. Type | power supply system.
supply system shown in Fig.3 consists of the Marx generator, the inter-

mediate strage capacitor, pulse forming line, the impedance changing line
and the magnetically insulated transmition line. To extract proton
beams, the plasma erosion opening switch can be skipped because of its
instability of the operation. The optimum particle energy of proton
beams for ICF is 4MeV, which will be shown later, 10MV output voltage
from the power supply system is desirable, because the rotating bheams is
used for propagation in the reactor vessel. The beam protons have the
energy of 4MeV for propagation, 3MeV for rotation and 1MeV for thermal
motion in the radial direction. Thus one examplie of the power supply
system is as follows;
1. Marx generator
capacitance of a condenser C=52F, charging voltage VC=200kV, number
of stage Nc=32, output voltage Vm=6.4MV, total storage energy Em
=2.7MJ.
2. Pulse forming line
pulse width tp=30ns, output voltage Vp=3.2MV.
3. Impedance conversion line
entrance impedance Zen=0.3ﬂ, exit impedance Zex=2.7ﬁ, output voltage
Vi=9.6MV.
Twelve modules of this power supnlv system, two of which is ._.bined to

extract one proton beam, can supply us the beam energy of 10MJ, the

__2_.

12N



particle energy of 10MeV, with the pulse width of 30ns.

§3. Extraction and Propagation of Hotating Beam

A = Anode
B = Magnetic field
K = Cathode

Fig. 4. Combination of two diodes

The magnetically insulated diode, schematicalily iiastrared  1r
Fig.4, extracts a rotaing proton beam with the beam current of 10MA.
*he argon gas with a low pressure of C.1 torr in the reactor vessol Che
rotation of the proton beam induce a magnetic fi=ld In “*he axial

direction, which stabilizes the propagation of the beam in the reactor.”

§4. Fuel in Target

If we want to have a fusion power plant, from which the net «lectric
power of 1GW is delivered, then the thermal fusion output energy ~f 370
must be derived from a target, provided that the repetition rate is
f=1Hz. The number N of DT reactions in a target is given by

N=3GJ/17.6MeV:l.06xlOdl, (10

where Ef:l7.6MeV is the released fusion energy per DT reaction. The
fusion reaction rate is expressed by

dn/dt=-1/2. <ov >, (2)
where n is the number density of the DT fuel, 0 is the fusion cross-
sectional area and <v> is the average reaction frequency. The burning

fraction F of the fuel is related by the number density n and expressed

as
F=(n,=n)/n =<eR>/(8nC/<ov>+<PR>), (3)

where p is the fuel density, R is the fuel radius and m is the mean DT

. =27
ion mass (m=4,i9xi0 kg). The suffix O refers to the initial value and




Fig
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Fig.

<> refers to the average value. If the initial fuel temperature 1is
assumed to be T0=4keV, th.en the self-heating of the fuel by a-particles
as a fusion product increases the fuel temperature to 80keV at the final
stage of burn:ng. Thus it is expected that the average fuel temperature
is T=20keV. Thus we have 8mC/<0v>=63kg/m2. In order to achieve F=35%,

eq.(3) leads the fusion parameter <pR to
<pR>=35kg/m2. (a)

The fuel mass MDT in a target is given by
M_p=nN/=2.0x10kg=4 R3/3. (5)

In summary, the fuel in the target must satisfy

2
T>dkeV, <pR>>40kg/m", (6)
(‘) in order to extract the practical
amount of fusion energy from the
wt b o
® target. From egs.{(4) and (5]},
W b the relations
4 3
=4.16x10 kg/m",
-4
wt R =8.42x10 'm, (7)
are derived. Equation (7) shows
]
10
that the DT fuel must be com-
pressed on the average to 220
]
0 . . )
01t o w? times tge solid density of nS
-3 .
¢ ?) =190kg/m~ (more than 2000 times
. The phase diagram of the DT fusl. 1 Gas. 2 Loyiid, at the central part and about 20
1 Hydrogen crystal (Solid). 4 Superconductor (Selid).
< Motal hydrogen (Seiidd. A Plasma, P Before the : .. N
RSNy times at the circumference).
The phase diagram of the
fuel is drawn in Fig.53). The Dt
-
er
(x) forat ama
a //w//QfQ
oot "
— T
/%Al _,/‘//
wf b 05
/i;///
-
10 2.0 1.0 v.5 wn )
s rrata'” ereprner el
[ FUTE P "_') —_———— N S T
1’ ITs 1" w' ’0 W 7
¥ 1n in 0 Iﬂ" n
(= (mr‘)
& The pressure fowercug the temperature T af the FIn.7 Cunamh crun)ing contfficyent of the fuel plasmas ar
DT funl for n-a.5x10" /mo, tunctinne of noand T,
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28m"3, T=8K) in a spherical target

fuel makes one solid layer (ns=4.5x10
around the void which is filled with the gas of the saturation presuure
of 7x107Pa. After Implosion and before burning, the fuel is in the
plasma state (n=1032m-3, T=5x107K). 1t is not clear that the path of the
fuel which connects the initial state with the final state of the
implosion in the phase diagram. The equation of the state for the plasma
with a high temperature and a low density is, of course, that of the
ideal gas. When the density of the plasma is high and its temperature is
low, the electron in the plasma is weakly degenerated. If the density
becomes higher and the temperature becomes lower, the electron degene-
rates strongly and at last reaches the perfectly degenerate state.
Figure 6 shows the pressure p of the plasma versus the temperature T for
the solid number density nS:d.leozam_3 of the DT fuel. Under the
temperature of T=104K, the electron is perfectly degenerated and the
pressure is constant of p=2.66x1010Pa regardless of the temperature. The
Coulomb coupling coefficient n of the plasma is defined by

n=(Coulomb potential energy)/(particle kinetic energy)

-6 1/3
n

~(e2/4nca)/[1/2.mv°]=7.2x10 /T, (8)

where € is the dielectric constant in the vacuum and a is the mean
distance between ions. In Fig.7, the Coulomb coupling constant of the

plasma is shown as functions of n and T. If n=1032m_3 and T=108K are
substituted into eq.(7), n becomes 0.03. Thus the ICF plasma is weekly

coupled. The Debye radius ry is given by

rD=(2kTe/ne2)1/2:6.90x103(Te/n)l/2=6.9x10_9m,
32 -3 8 . . . .
for n=10""m and T=10"K, while the mean distance a between ions is
a=(3/4.n) 20 62x(1/n) /321 .3x107 i,
32 -3 . .
for n=10""m ", when rd>a, <gv> increases from the classical value by

decresing the screening potential around the ion. But for ICF plasma,
<ov> will increase from the classical value by the order of 10%. After
the ¢ mpression to p=20000s and the heating to T=4keV of the fuel by the
implosion, the <central fuel will have a very high pressure of
pkr-s.72x10'%pa.

The work done on the fuel to compress the density to 220 times the
solid density is minimum when the plasma is initially perfectly

degenerated, and is given by

A A\ ~
W':deV:J]/2O.(3/n)Z/thnps/s/(Smp).dV:4.18x103J, (9)
v, v - 7




e

where V 1is the volume of the fuel. The suffix 1 refers to the value
before the compression and 2 refers to those after the compression.
Figure 6 indicates that the fuel becomes plasma at T1=105K. If we take
T1=105K,the initial pressure becomes higher about % times and the work W'
is changed to W’:leodJ. This value gives the minimum work (without
shock waves in the fuel) to compress the fuel to 220 times the solid
density.

As the fuel temperature does not reach T2'=3.6x106K due to the
adiabatic compression only, the energy

6
"_ - 1)
w _Nk(T2 T2 )=3.55x10"J (10)

must be added to the fuel to increase the temperature by one order of
magnitude more. Jhis value W" is too large, because it is the amount of
energy to heat the whole fuel to 4kev. The stopping range of a-particles
in the DT fuel with T=4keV is X=31kg/m2. The range of a-particles in
the compressed fuel, whose density is =4.16x104kg/m3, is X=7.21x10_6m.
The number N" of the fuel particles in the radius of X is N"=N(X/R)=3.80
xlOlS. If the fuel of N" particles at the central part of the fuel is
heated to 4keV, the whole part of the fuel will be burnt by the
self-heating of a-particles. The energy W'" to heat N" particles to 4dkeV
is W":2.23x103J. Thus the minimum energy which must be given to the fuel

to compress and heat the fuel is
W’+W”:2.22x104J. (11)

It is iipossible to heit the smalli amount of the fuel near the centre
only, in reality. As W", an intermediate value between 3.35x106J and

2.23x103J is necessary for realizing the particle fusion reactions.

§5. Spherically symmetric Implosion of Fluid

To extract the practical amount of nuclear fusion energy from the
deuterium-tritium (DT) fuel by the method of inertial confinement fusion
(ICF), the DT fuel is required to be compressed to more than 1000 times

the solid density (os=4.5x1028/m3) and to be heated to higher than

AkeV.l) The pressurc Pe of the fuel then reaches an extremely high value
of pf=25;f=2£72x1016pa, even if in the state of the number density of
n=4.5x10""/m and of the temperature of T=4keV. When a cryogenic
one-shell holiow target, which consists of three layers of lead,
aluminium and solid DT fuel, is irradiated by the proton beams of 200TWw,

the pressure pp of the aluminium pusher laver increases with time and




arrives at the order of pp=1012Pa after the several nano second from the
start of beam irradiation, and the value of pressure remains constant
since then because the beam energy deposition in the pusher laycr
balances with the work done on the fuel layer.l) It seems impossible that
the pressure p of the pusher layer approaches or exceeds the required
fuel pressure pf=1017Pa even with the highest intensity of the driver
beam under the present technological stage. The aim of this article is
to reveal the fact in a hydrodynamical way that the momentum of the fuel
implosion can be changed to the fuel pressure beyond the required value.

5 6) and the similar solusion'n have been

The adiabati~ compression
proposed to analyze the fuel implosion. According to their methods,
however, the required fuel compression can be achieved only on the
condition that the final pusher pressure pp exceeds the required fuel
pressure pf. This condition cannot be satisfied in the real situations
as it is described above. Another beautiful similar solution for the

implosiona)

does not lead tc a high compression of the fuel.

It will become clear in this article that the fuel near the inner
boundary is accelerated strongly because the cross-sectional area of the
fuel path in the spherical target becomes smaller when the inner boundary
of the fuel approaches the target centre. The :icceleration of the fuel
near the inner boundary is fed by the deceleration of the implosion
velocity of the main part of the fuel in the final stage of the
implosion. In other words, the high compression of the fuel during the
implosion is performed by the high pressure which is carried by the
impulse during the short period as a result of decreasing cross-sectional
area of the fuel path. It is reasonably understood that spherical
geometry of the implosion motion substantially causes the high adiabatic

compression of the fuel.

§6. Governing Equation for Implosion
One of the govering equations for the fuel implosion in the spheical

target is the equation of continuity,
2 2
aw/at+l/r .3 /ar(ru)=0, (12)

where t is time, r is the radial coordinate, p is the denisty of the fuel

and u is its radial velocity. Another one is the equation of motion,
au/3touauh r=—3ph r, (13)

where p is pressure, which is related with the density p through the




adiabatic relation,
p:]‘pY. (14)

In the above equation, the adiabatic exponent y is y=5/3 for the fully
ionized fuel (in the case of the ideal gas or of the completely
degenerated electrons) and T is constant provided that the fuel is
isentropic throughout the process of implosion. In this article, the
analysis is limited to the fuel implosion only. The energy dissipations
due to the viscosity, thermal conductivity and the radiative energy
transfer are completely neglected to simplify the analysis and to find

the substantial mechanism of the fuel compression.

§7. Acceleration of Fuel
Under the temperature of 10K, the DT fuel is in the solid state, and
coexists with the saturated vapour pressure ps=7x107pa for the tempe-

rature of T:BK.Q)

Although the saturated vapour pressure is of course of
the function of the fuel temperature, the vapour pressure Ps in the
central hole surrounded by the solid fuel may be approximated by a
constant value, since the implosion v~locity U (of the order of lOSm/s)
of the fuel is high enough in comparsion with the thermal velocity of the
vapour and the surface of the solid fuel absorbs the hitting vapour
partices, The short time interval 1 (of the order of 10 ns) of the
implosion is also one of the cause to discard the change in the vapour
pressure in the hole. At any rate, the vapour pressure does not affect
much the implosion velocity, being neglected compared with the pusher
pressure. The fact that the vapour pressure seems to be constant during
the implosion means the constant pressure (pi=ps=7xlO7Pa) on the inner
surface of the fuel layer.

The pusher pressure Pp increases rapidly with time after the
beam-energy deposition in the layer. If the proton beam intensity of
200TW impinges in the spherically symmetric way onto the target and
deposits its energy in the aluminium pusher layer of the mass of 120mg,
Pp rearches the value of 7x1012Pa at several nano seconds after the start
of energy deposition. In the case in which the increase in the pusher
pressure is too steep, shock waves propagate in the solid fuel layer,
heating the fuel and supressing the fuel from the further compression.
With the controlled temporal shapes of the bea& power, hcwever, the fuel
can be accelerated in the adiabatic way.7) On the conditions that the

fuel mass is MDT=20mg and the pusher pressure Pp:lolgPa. the accelaretion




12m/s2 and the implosion velocity U

a of the fuel arrives at a=7.2x10
becomes U=3x105m/s after 40ns.

The most important parameter for compressing the fuel is the momentum
of the fuel implosion. In the real target, the inner part of the pusher
implodes accompanied with the fuel. Effectively one thirds of the pusher
mass can be regarded as the mass to contribute to increasing the fuel
momentum which implodes with the velocity U. Thus the fuel mass here is

over-weighted to be MD =100mg in this article, the pusher motion being

T
discarded. The analysis will be given for the final implosion motion
after the fuel of M__=100mg obtains the average implosion velocity of

5 DT
U=3x10"m/s.

§8. Implosion of Fuel near Inner Boundary

As the description was given in the preceeding section, the pressure
Py of the inner boundary of the fuel layer is assumed to be constant. In
this section, the inner boundary is shown to be accelerated toward the
target centre inversely proportional to the fifth power of the radius
£ of the inner boundary, when the fuel layer approaches the centre. To
support this large acceleration, a steep pressure gradient appears in the
thin layer connecting the inner boundary like a longitudinal boundary
layer. The pressure and hence the density of the fuel increase sharply
across this thin layer.

At the inner boundary r=f£(t), the boundary conditions are given by
7

p=pi=7x10 Pa, (15)

o=pi=1.9x102kg/m3. (16)

The variables in this boundary layer are transformed to

r=E+x', (17)
u=u, +u', (18)
o=p_+0", (19)
P=p,+p', (20)

where the variables with prime are assumed to be small of the order of ¢.
The operator 3/3x' increases the order of operand by 1/e. Equations
(17)-(20) are substituted into eqgs.(12)-(14). Then term of 0(1,5) in
eq.(12) leads to

a/ax' . (6% u,)-=0,
1 1




the flow is related with the radius r through

]—(Y+l)/4(Y-l) (26)

-3
where the suffix s is attached to the sonic state. At ro=3x10 m, u

rs/r=M1/2[2/(Y+1).{1+(y-l)M2/2}

[o]
=3x105m/s, p°=1,9x102kg/m3 and po=7x107Pa are assumed to be held. The
sound velocity c¢ is given by c=(Yoo/po)l/2=7.8x102m/s and hence the Mach
nunber is M°=3.85x102. The real high dense fuel is not an ideal gas and

the Mach number is roughly estimated as Mo=10. Then eq.(26) derives
rs=1.17x10'3m.

For the adiabatic flow, the density p and the velocity u are given by

1/ (v-1)

ps/po=[2/(y+1).{1¢(y-1)M02/2}] (27)

1/2

u/u =1/M L [2/(y+1). @e(v-1)M %/2}) (28)

With M°=10, we have ps=131oo=2.49x104kg/m3, us=0.507uo=1,52x105m/s.

At the sonic surface rs=1.17x103m, the density os is cpmpressed to
more than one hundred times the solid density.

After the fuel arrives at the sonic surface, the flow of the fuel is
in the subsonic state and is chocked by the decreasing cross-section.

Thus the fuel flux is assumed to be a function of time, that is
2
rpu=c(1-t/¢ ') (29)

where a constant c=5.18x103kg/s is chosen for the values at the sonic
surface. The nonation 1' is the time interval in which the fuel is
chocked to zero velocity. Of course, eq.(29) is a rough approximation

and not the strict solution. With the assumption (29), eq.(12) gives
2
a/ar(rpu)=0,
from which we can assume the folowing forms for ¢ and u,

o =kr?, (30)

u=(1-t/7")er?, (31)
where g and § are constants. Equation (29) derives

g 4§ +2=0. (32)
If egs.(30) and (31) are substituted into eq.(13), we have

—C/r21 '—c2q2!.6 P _3=—I‘GB K31 , (33)

where q=(1-t/1'). Equating the exponent of r in the second term on the

left hand side to that on the right hand side, we have




§-3=2B-1. (34)

(If we put T+r/u, then the exponent of r in the first term on the left
hand side is equal to that of the second term.) Equations (32) and (33)
lead to B =-3/2, and 6=-2/1. With the sonic conditions rS=1.1x10—3m and

2/3 4 1/2

t=0 s, we have k=9.97x10'kgn°/> and 1=2.81x10%m Thus at r=2x10“m,

for example, the density bocomes p=3.52x105kg/m3=1854ns. From eq.(33),
where F=1.11x104Pa2m5/kg5/3, we have 1'=3.5x10-35 for q=1.6x10_3.

It is turned out in this section that the fuel is in the supersonic
flow at the outer part in the target with the rather large radus, and the
contiuous compression is carried out accompanied with the chocking in the

subsonic flow near the target centre.

§9. Final Implosion of Fuel near Outer Boundary
After the section 7, the motion of fuel near the outer boundary is
analyzed in the similar way to that in section 7. At the outer boundary
r=n(t), the boundary conditions are
p=p0=2.25x1013Pa, (35)

p=0 ,=3.83x10°kg/n’, (36)

Again the variables are developed as

r=n+x", (37)
)

p=p ", (38)

P=p_+p", (39)

u=uo+u", (40)

when the quantities with double primes are of order ¢ and the operator
3/3x" increases the order of operand by 1/¢. If eqgs.(37)-(40) are
substituted into egs.(12)~(14), the terms of O(1/c) in egs.{(1) give

2
uy=dn/dt=-c, */n". (41)

1 1
outer boundary is related with its radius through

where a constant c.' is chosen as c, '=2.23x10/ms. The velocity ug of the
u_=dn/dt=-c '/n2 '
o 1 )

Thus we have

/3

n=(c,'~3ec, 't)} (42)

where ©,' is chosen as c,12(6x1073m)3-2.16x10""m3. The terms of 0(1) in




eq.(12) derive
u"=-2c1‘x"/n3=-2c1'/n2+2cl‘r/na. (43}
The terms of O(l) in eq.(13) lead to
2 5 2 . a4 5
B ' "n - ' - . 44
pl=-2c, '"p x /Ypon 2¢c, pO/Ypo(l/n r/n”) (44)
Equation (14) derives

p"=~cl'2x"/n5=—2cl'2/n4+2c1'2r/n5. (45)

It is clear from egs.(43)-(45) that the gradients at the outer boundary
are less steep than those at the inner boundary, because n is larger in

comparison with £ which tends to zero.

§10. Example of Numerical Result
The density p of the fuel

(kr/m>) obtained in the preceeding sections

10° are plotted in Fig.g versus the

radius. The boundary layer formed

near the inner boundary of the fuel

is quite sharp due to the large
10 acceleration. After the fuel is once
accelarated to the supersonic flow

with the Mach number of order 10 at

the half way of implosion, the
decreasing cross-sectional area of
the fuel path in the spherical target
’l causes Lhe large compression (aboul
one hundred times). After the flow

103

0.01 O.

Il of fuel arrives at the sonic surface,

=]
N

0.05 0.1 0.2 0.4 r(mm) the chocking occurs in the subsonic
Fip.8. Fuel dengity versus radjus. region in which again the fuel
continuous line from eq.(19) for main

fuel. Dotted lines from =q.(13) (or compression occurs (about ten times).
inner houndary. Chain lines from eq.

(33) for outer boundary. Formally speaking, the velocity of

the inner boundary 1s infinite at
g£=0. After the void closure, this large fuel velocity stops at the
target centre and hence a strong diverging shook will heat the central

spot of the fuel to ignite the fusion reaction.

§11. Target Structure and Optimization of Target Parameter




The cryogenic target with one
shell and tlhuee layers as is shown
in Fig.9 is simple and practical to

tanper (lead) realize the high pressure of p=
pr=113e/cm’ 5.72x1016Pa at the fuel center.

pusber (alumimm)
pu=2Tglcm? The target temperature is 8K before

the implosion and forms the inner
- ur fuel

9.R2 mm pmy=021g/cm® Solid layer. The middle layer is

9.5 mm—

called the pusher. The beam
LR deposits the major part of its
energy in this layer, whose tempe-
rature increases ~nd hencs whnce
pressure increases to accelerate
Fig.g Target structure the fuel layer to the target

centre. It is hoped that the
pusher absorbs the beam energy efficiently and does not occupy the large
part of the kinetic energy of the implosion.

Let us consider the case that the beam with the intensity of 300TW
deposits its energy in the pusher layer with the mass of M =1.91x10_4 kg.
The pusher pressure pp increases rapidly and arrives at pp:lOlZPa after
10ns. The the pusher pressure remains constant because the deposited
beam energy in the pusher layer is in balance with the work done on the

12

fuel layer. As a strong acceleration (a=10 m/sz) acts inward or the

fuel from the pusher side, the density of the pusher must be higher than
that of the fuel, if we want to have no Rayleigh-Taylor instability.d)
On the other hand, the fuel is decelerated strongly due to the decrease
in the cross-sectional area of the fuel path, when the fuel approaches
the target centre. At this deceleration phase of the fuel, the gravity
acts on the fuel in the oposit direction to that in the acceleration
phase. In this deceleration phase, the density of the pusher must be
lower than that of the fuel in order to escape from the Rayleigh-Taylor
instability. 1In the optimized target given later, the pusher expands 40
times the initial wvolumec. Therefore, no Rayleigh-Taylor instability
occurs when the initial pusher density p_ is chosepn as 1-20 times the
initial fuel density Ppe Since pf=189kg/m , the aluminium of the density
of pAl=270kg/m3 satisiies the conditions described above.

The tamper layer plays a role to protect the target from blowing
off, when the beam deposits the energy in the pusher layer, which expands

rapidly. The lead, whose density is p b=1.13x104kg/m3, is one of the

P




preferable materials as the tamper. From the point of view of small

induced radioactivities, aluminium and lead are preferable materials,

too, for the bombardments of energetic neutrons.
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Figure 9 shows the fusion output

€ versus the fuel mass MDT

for the case that the target radius

is r_=6mm, the thickness of the

t

tamper layer made of lead is §

=20.5um (the mass of the tamper isP:Pb
=150mg), the thickness of the
pusher layer made of aluminium is 6A1
=156um (the mass of the pusher is MAl
=191mg). The rate of the beam energy
deposited in the pusher to the total
input beam energy is CA1=O.85, the
particle energy of the proton beam is
ep:S.lMeV and the total beam energy
is Eb=6MJ.
out that MDT=23.7mg is optimum to

In the figure, it turns

extract the mdximum Ef.

The notation Cp shows the rate
of the beam energy deposited in the

versus C =C

Figure 10 shows Ef p-CAl

for the same kind of the target and the proton beam with those for Fig.9.
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fusion output energy Ef increases rapidly with the increase of E_if E

b b
>2MJ.

§12. Summary
Let us imagine that the proton beam with ep:dMeV and E_=6MJ impinges

=23.4um

b
on the three layer, cryogenic, hollow shell target which has ¢

(Mpb=120mg),

6A1=15h4m (MAl =184mg) and MDT=21.5mg and rt=6mm. g?nce the
time duration of the implosion is abcut 60ns, the pulse width of the beam
is required to be Tb:30ns. Thus the beam power is 200TW. The pusher
pressure increases with the deposition of the beam energy. The pressure
arrives at pp=1013Pa (Tp=200ev) after 10ns of the beam irradiation on the
target and the pressure saturates at this value during 20ns, being in
balance with the beam energy distribution and the work to accelerate the
fuel toward the target centre. The fuel mass of MDT=21.5mg has an
acceleration of o :5x1012m/s? being pusher by the pusher pressure of p
=1012Pa and the implosion velocity reaches U=3x105m/s after the implosiog
time of 60ns. After the void closure, the fusion parameter reaches R
=70kg/m2 and the fuel temperature is heated to Tf=4kev by a strong shock
wave which propagates outward from the target centre after the fuel
collides with each other at the target centre. The self-heating of the
fuel occurs since the stopping range of the o-particle as the fusion
product is much smaller than R. The average reaction rate of the fuel
reaches F=34% and the fusion reactions releases the output energy of E

=2.5GJ.

f
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Synopsis

Effects of irradiation nonuniformities on target impliosion and ignition
conditions for inertial-confinement fusion with ion beams are studied by
using a 2-dimensional code. The following results are then obtained.
When the beam energy is 5 MJ which is 1.6 times the threshold beam
energy (= 3.2 MJ) in the spherical symmetric case, ignition occurs if the
peak-to-valley nonuniformity rate is smaller than 0.05. On the other hand,
this value rises up to 0.1 when the beam energy is 7 MJ, i.e., it is 2.2 times
the threshold beam energy in the spherical symmetric case. Furthermore,
the ignition condition is the severest for the nonuniformity with the largest
spatial scale.

§L Introduction

For achievement of inertial-confinement fusion (ICF) with ion beams or
lasers, it is necessary, at least, to compress the deuterium-tritium (DT) fuel
up to 103 times the solid density and to raise the temperature of ignitors up
to more than 4 keV.1. 2) Many 1-dimensional (1-D) simulations have shown
that energy drivers with the order of Mega Joule are required to attain such
ignition conditions.3-6) However, such results should be regarded to
correspond to the most optimistic case because spherical symmetric
motions are assumed in 1-D simulations. For real target implosion,
spherical symmetric motions cannot be realized so far as infinite number
of the same beams do not irradiate the completely spherical symmetric
target. In other words, nonuniform motions exist all the time in practical
implosion and explosion processes. On the other hand, targets during
implosion are in the conditions where the Rayleigh-Taylor instabilities are
likely to occur. It is, therefore, thought that nonuniform motions are

s i



enlarged in the implosion process and have great influences on ignition
conditions obtained in the spherical symmetric case.

For the past several years analyses for such nonuniformities have often
been made using 2-D codes; the results have shown that nonuniformities
may be very severe problems in realizing ICF.5. 7-9) However, quantitative
analyses for nonuniformity effects have yet not been made very much.
Especially in ICF with ion beams, it has hardly been known how
nonuniformities affect the ignition conditions. The purpose of the present
study is, therefore, to estimate nonuniformity effects on the ignition
conditions and the energy gain quantitatively when ion beams are used as
a driver.

Roughly speaking, there are two kinds of nonuniformities. One is
irradiation nonuniformity and the other is target structure nonuniformity.
In the present paper we only consider the former and will remain the latter
as a future work. The irradiation nonuniformity can be further classified
into two kinds. One is the nonuniformity generated by the fact that finite
number of the same separate beams irradiate the target. This
nonuniformity has the same symmetry as that of beam irradiation.
Utilizing this symmetry, we can, in some cases, analyze such
nonuniformity effects in terms of a 3-D code with efforts as much as in the
case of 2-D codes. This will be considered in part II. The other kind is the
irradiation nonuniformity except that stated above. It includes the
nonuniformity due to the cross section of one beam not being symmetric
about the axis and that due to the incident direction of the beams diffracting
from the target center, and so on. This kind of nonuniformities are
supposed to be spatially random and must be analyzed in terms of 3-D
simulations. However, 3-D simulations for the whole sphere require so
much computational time that they are difficult to be performed actually
even if supercomputers are used. Hence, in the present paper we look only
at the axi-symmetric and bilateral symmetric modes and analyze them by
using a 2-D code.

§2. Target structure and basic equations

In the present simulation we use a spherical target consisting of the
lead, the aluminium and a fuel of the DT solid as shown in Fig.1. The
mass of the DT fuel is 2 mg. Among the three layers the lead layer plays a




role of the tamper. On the other hand, the aluminium layer has two roles;
an outer part is the pusher and the other inner part the radiation shield.
The plasma motions in the implosion and explosion processes can be
well described by the two-temperature, one-fluid model.l> On the other
hand, the radiation field and the motion of a-particles may be described
approximately by the diffusion model, and influences of neutrons on the
fluid motions may be neglected.l’ Thus we have, as the starting point to
derive the basic equations, the following conservation form of equations:

on;
=t Vniv=-2S,,
Ing
3+ Vngov = vgngy,
ong )
% * VnalVal =Sn - vonal

dpvj Opvkvj Ipt a(sj + selijk .
X tToRg - a— zsnmivj + MyVoiValal + ok g, k=1,2,3),
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m;ivi2 d(s)jk Vi
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= -ZSnn—iee +€q1VaeNal + Njvei(T; - Te) + ckRE, - 4xpoT, + T
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> = V(D,VE,) + 4xpoT, - ckgE, a

where subscripts i, ¢, o and r indicate ions, free electrons, a-particles and
radiation, respectively, m and € represent mass and internal energy of one
particle (eq0 is the energy of the a-particle moving together with the ions

and electrons, and £y = 3.5 MeV; hereafter, we will represent variables for

the a-particles with the energies €0 and g4 by subscripts a0 and al,
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respectively), o is the Stefan-Boltzmann constant, n represents the number
density, D the diffusion coefficient,

p = mjn{ + MgNg(
i3 the density of the fluid, v is the fluid velocity,
Val =V - DgVngg

is the macroscopic velocity of the a-particles with the energy €q,

plvi2
Ei = &inj + egono0 + 5
Ee=eene,
40T 4
r="¢

are the energies per unit volume, p represents the pressure (pt = pj + pe +
Py is the total pressure),

Sn = <ov>npnp

is the nuclear reaction rate per unit volume (with <ou> being the reaction
cross section), xkp and kR are the Planck and Rosseland opacities,
respectively, vgi, Voe and vg are the collision frequencies between the o-
particle with the energy eq| and the ion, the free electron and the both,
respectively (vg = vgi + Vge), Vei the electron-ion collision frequency, and s
represents the stress tensor due to the molecular viscosity. In addition, the
tensor form of description was used for the momentum equation and the
viscous terms in the energy equations. In deriving the above equations, we
assumed

m, <<m, Ivl2 << lva1|2' Ivl <<,




and neglected energy exchange between the ions and the free electrons
accompanied by variation of the ionization rate. This is because the
ionization rate is nearly 1 and the energy exchange is negligible for such
high temperature as discrepancies between the ion- and the electron-
temperatures are distinguished.

For implosion and explosion motions the viscosity coefficient is very
small and widths of shock waves are much narrower than the target size.
In addition, integrals of the viscous terms in the momentum and energy
equations in eq.(1) within an infinitesimal interval including a shock wave
are zero at the inviscid limit. As a result, we may assume sj = se = 0 if we
discretize the conservation form of equation (1) as the basic equations. This
is one of merits when the conservation form of equations are used. On the
other hand, to use the conservation form of equation has some
disadvantages as follows. If we use eq.(1), we cannot utilize a merit of
using the staggerd mesh system, i.e., we must represent first order
derivatives by using values at not two, but three grid points. As a result,
computational modes appear in numerical results and they may cause
computational instabilities. For this reason we will not use the
conservation form of equation (1) as the basic equations in the present study
regardless of the advantage stated above, but use the flux form of equations.

The continuity equations of ions and a-particles can be easily
transformed into the flux form as follows:

Dny
ot + n;Vv =25, (2a)
Dnao

Dt * a0V'V =Vonal, (2b)
Dnal

D+ nalV-v=V-DgVng1 +8p - vanal, (20)

where D/Dt represents the Lagrangian derivative. On the other hand, the
momentum equation is transformed into the flux form by using eq.(2a);

a(sj + seljk

o @)

Dv
PTx = -Vpt + mavaDoaVnay +

Note that Sn does not appear in the flux form of equation (3). The energy

equations for ions and electrons can be transformed into the flux form by
using eqs. (2a) and (3);




DTy
(njcyj + ngQCyao) Dtl =-piV-v + V(pe + pr)v
o(sjljkvj s+ seljk

* o1 Voifial + Nivei(Te - i)+~ Vi (4a)
DT,
NeCve Ty = PeV-V - Vpe'v
HselikVj
+ £l VaeNgl + NjVei(T; - Te) + 4oxg(Ty - Te) + —g:zk&l, (4b)

where ¢y represents the specific heat of one particle at constant volume and
xQ = kpTe3 = kRT3 190, Note that Sy, does not appear also in the flux form

of energy equation (4) as in the momentum equation. The radiation
equation in eq.(1) has already been of the flux form as a result that lv| has
been neglected compared with ¢. Here, making transformations only for
the dependent variables, we obtain, after some rearrangement,

0 cK
Ty = V-(D,T,3VTy) + —4—0(Te -Tp), (5)

using the relation Ey = 46Ty4/c. In the present study we adopt eqs. (2)-(5) as

the basic equations and the SESAME library!2?) as the equation of state.
When we discretize the flux form of equations, we can ntilizc merits of the
staggered mesh system, in which boundary conditions are comparatively
easy to be applied and almost all of the first order derivatives can be
approximated by using values at two grid points. As a result, no
computational mode exists and computational instabilities hardly occur.
The flux form of equations have a disadvantage too. Integral of the second
viscous term in eq.(4a) within an infinitesimal interval including a shock
wave does not become zero even at the inviscid limit being different from
the case of the conservation form of equations. This term originally comes
from the viscous term in the momentum equation and physically
represents the shock heating. Due to the integral being not zero, we cannot
put sj = se = 0 in the flux form of equation. In actual simulations we use an
artificial viscosity instead of the molecular viscosity as will be stated in the
next section.

As the equation governing the energy of one beam particle, ep, we use

the following approximation equation:
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and r denotes the radial direction. Furthermore, e is the electron charge,
gg the dielectric constant in the vacuum, m}, represents the mass of the
beam particle, A the atomic number, Zy¢r the effective charge, vg the Bohr
velocity, and epq is the energy of one beam particle before incidence.
Equation (6) can be obtained by simplifying and modifying the Bethe
equation!d) so that no Bragg peak exists. If we consider the beam stopping
only in the 2-D case, we may use more complicated and accurate equations.
Such equations will, however, be difficult to be used in 3-D simulations
which will be performed in part II. Hence, in the present study we will
further simplify eq.(6) and use it as the equation governing the stopping of
beam particles. In eq.(6) A is a function of the time and the space and
cannot be integrated analytically. However, if we approximate h by its
average in each layer, h4y (which only includes the time as a parameter),

we can integrate eq.(6) and obtain

ep(r, 8;t) =-eg + \FebO' +eB)2- 2hg,r, (7

where 0 denotes the azimuthal direction, e, the particle energy at the

outer edge of the layer concerned, and r' the distance from the outer edge to
the point concerned.

As for the irradiation nonuniformity, we assume the beam intensities of
the form

const x (1 + %cos(me)),

where a (20) corresponds to the peak-to-valley nonuniformity rate and Im|
(= 2, 4, 6,...) represents the mode in the azimuthal direction.




§3. Method of computation

When the flux form of equations (2)-(5) are used in actual computation,
the viscous terms cannot be omitted within shock waves as stated in §2. If,
however, we use the molecular viscosity itself in computation, we must use
very small mesh widths because the shock widths are much narrower
than the width of each layer in the present case. Hence, such a way
requires 80 much computational time that it is almost impossible to be
actually performed. In the present computation, therefore, we put sj = se =
0, and instead, use the Neumann artificial viscosity,14) i.e., replace the ion
pressure as

Pi = i = pi + bp(Ar28,ul18,ul + A025¢v | Sgvl), (8)

where u and v denote the r- and the 68-components of the fluid velocity v, 8,
and 8¢ represent the finite difference operators corresponding to 9/0r and

d/00, Ar and A® are the mesh widths, and b is a constant of O(1). The value
of b used in the present study will be considered in §4.

In discretizing eqs. (2)-(5), we use the finite difference method. It is
difficult, however, to apply it to eqs. (2)-(5) themselves because forms of the
free boundaries and the contact surfaces of different materials vary with
time. The Euler-Lagrange transformation!) has often been made so far to
avoid such difficulties. However, there still remain some problems in
using the Euler-Lagrange transformation. One is that mesh widths in the
physical space vary rapidly before and behind of shock waves; such a rapid
variation of mesh widths often generates numerical errors and causes a
numerical instability. The second is that mesh widths in the physical
space become smaller for higher temperature because the sound velocity,
Vg, is proportional to the square root of the fluid temperature; this fact is no
good for computational efficiency because the time interval, Az, is restricted
by the Courant condition, At < \jAr2 + (rA9)2/vS. The last is a problem at
contact surfaces between different materials. When eqs. (2)-(5) with the
artificial viscosity (8) are used as the basic equations, tangential velocities
on the both sides at the contact surfaces are diiferent because no shear
stress is included in the equations. As a result, fluid particles that were at
the same point initially on the surface are at different points after time




elapsed. In other words, the grid points do not necessarily coincide on the
both sides of the surface; this fact makes treatment of boundary conditions
at the contact surfaces complicated and is likely to cause numerical
instabilities. For these reasons we will use another transformation in the
present study instead of the Euler-Lagrange transformation;

!'-1’0

t=t, €)]

where 1(6,t) = ry - rg, and ro(0,t) and r1(8,¢) (r0 < r1) represent the r-
coordinates of the points that are on, respectively, the inner and the outer
contact surfaces of the layer concerned and have the same 0-(8'-)
coordinate as r (i.e., the point concerned). When using the above
transformation, we have, in computation, no such problems as stated
above. Variable transformation (9) has been verified to work very well in a
run-up simulation of tsunami whose governing equations are very similar
to the present ones.15) Writing egs. (2)-(5) with the artificial viscosity (8)
instead of the molecular one in the polar coordinates (r, 8) and applying (9)
to them, we have, after some rearrangement,

Dny

D +nivVv =-28y,

Dnao
Dt *+ Ra0VvV =vgngi,
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Dt=por *T* 5  *tTar

Dv 1 9pt uv maVaDa+ana1
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DT;
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olsiljkvj osi + se)jk
ox oxg b’

+ Eq1 VaiNal + Njvei(Te - Tj) +

DT,
NeCye Py = PeV'V - Vpev

- 425 -
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and ug and u1 denote u at x = 0 and 1, respectively. In addition, V, V-v and

so on can be easily transformed using the above transformation equations.
We next derive finite difference equations corresponding to eq.(10). As for
the space, we use the staggered mesh system as stated in §2 and apply the
centered finite difference to the derivatives. On the other hand, we apply,
for the time, the most appropriate scheme among the leap-frog, the Crank-
Nicolson and the backward Euler schemes according to properties of terms
in the finite difference equations. In addition, the path-line method!5) is

used for the advection terms in order to suppress computational
instabilities due to the aliasing errors. Thus, the finite difference equations

are obtained as follows:

n+l
1

n+l

(n; - n;}.:l Y2At + 1§(n + n?a.:l)(ﬁv-v),r..l =-25,,

n+l n-1 1 n+l n-1 n n
(g -nyee28t+51 5 +n,0:)@V Ve = (Vangl s,

n

n n-1 n nn
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i ' 2 mgVveD
@™ B yoag = -(S’;t 2+ G0 (—%rnal ),

(11a)

(11b)

(11c)

(11d)
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where
1
8r=73x
39 = 3¢’ + 3gxdyx,
5y = Gr. 150),
dyv=29 u+2—u+16 v +
VY=ot T Y Y ane’
2f, 1 f
8y-Ry = 8r(fBy) + TBr + 506(B) + 5-—B9  (F=Dg, DrTy3),

pi™ = pil + bp(Ar23,m 18,u1 + AB28gv ! 8gv 1 )n-1,

Here, superscripts n-1, n and n+1 indicate time steps, subscript * refers to
values on the path-line (defined in the transformed coordinate system), and
Sgx represents the finite difference corresponding to 9x/00 in eq.(10). When
At is changed during computation, the simplified Runge-Kutta (i.e., Heun)
scheme is used instead of the leap-frog scheme. Note that V -v and the
diffusion terms have been discretized in the form of the parentheses having
been taken off (i.e., the non-conservation form). The reason is to keep the
accuracy of the finite differences to the same order even near the center of
the polar coordinates (see Appendix for details). In eq.(11) variables at n+1
step (n step in eq.(11c)) appear in more than one term in each equation




except eq.(11d). However, eqgs. (11a), (11b) and (11e) can be easily solved
explicitly by rewriting them as

(1 + atsy-vinP*! = (1 - atdyvinl - ass™s,

n. n+l n n-1 n
(1 + Atdy-v« mye =Q- Atdy-vx n 0« + 28t (vgngl s,

Atuy Atus
n-1 -8gpt’ + mgvaDadeng|
(A +pva*l = (L -—pve + 28 - )e. 12)
rx

On the other hand, eqs. (11f), (11g) and (11h) can be rewritten, after some
rearrangement, as
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Using eq.(13), we may only solve T'r implicitly and can calculate Te and T;
explicitly. In solving matrices for eq.(11c¢) and the radiation equation in
eq.(13), we use a ICCG type of method. Number of meshes used in
computation is 10, 20 and 20 in the Pb, the Al and the DT layers,
respectively, in the r-direction and 2Im1 in the 6-direction.

§4. Results

Before showing computational results of 2-D simulation, we check the
code and determine the value of b in transformation (9) by solving 1-D
problems. Figure 2 shows the profiles of T, p and u for b =1 and 2 at 100
steps when the left wall began to move suddenly rightward with a constant
velocity for the Mach number 10. The exact solutionl6) has also been shown
by the dotted line for comparison. It can be seen in the figure that the
result for & = 1 represents the exact solution better than that for b = 2.
Figure 3 shows numerical solutions for T, p and u representing Kidder's
similar solution!?) (dotted line) at 180 steps. Also in this probiem the
numerical solution for & = 1 gives a better result as naturally expected.
From these results we will, hereafter, use the vaiue of b = 1.

Next, we will show computational results of target implosion. As a
driver, proton beams with the particle energy of 5 MeV are used and
assumed to irradiate the target with a constant intensity during 15 nscc.
For the present parameters, the beam particles deposit their energy in the
Pb layer (tamper) and about 2/5 part of the Al layer (pusher).

Table I shows the burning fraction (rate of nuclear reaction), /, the
maxima of pR = Jpprdr , and the time, ¢, at which the target collides at the
center versus representative valies of the total incident beam energy. Ep, in
the spherical symmetric case . Output energy by the nuclear reaction can
be obtained by multiplying f by 1,325 MJ. It is found from the table that
ignition occurs for beam energy greater than or equal to 3.2 MJ, i.e., the
threshold beam energy for the spherical symmetric case is Et: = 3.2 MJ for

the present situation. For Ep = 9 MJ, moreover, the values of f and pRpax

are found to decrease; this is cupposed to be due to the fact that the preheat




occured as a result that the temperature in the pusher became high. As
for pRmax. it is seen to have exceeded the values, 20 ~ 40 kg/m2, enough

for ignition even in the case where no ignition occured. This indicates that

for beam energies less than Etbh = 3.2 MJ, no ignition occured as a result

that ion temperature in the hot spot (i.e., ignitor) could not exceed the
temperature, 4 ~ 5 keV, necessary for ignition.

Table II shows the burning fraction, f, the maximum of pR =
[dQJpp.dr/[dQ (with Q being the solid angle), and ¢, versus representative
values of the noruniformity rate, a, for E, = 5 MJ and m = 2, i.e., for the
mode with the beam energy 1.6 times Eg‘ and the largest scale. It is seen

that no ignition occurs and the energy gain is nearly zero if the

nonuniformity rate, a, exceeds 0.04. Hereafter, we will call this value the
critical value of a for m = 2 and Ey, = 5 MJ, and write acr = 0.04. On the

other hand, the maximum of pR does not decrease so much even in the
case of ne ignition. This means that when a is greater than a.yr, ion
temperature in the hot spot could not rise up to the tempcrature necessary

for ignition, as in the case of table II, owing to the nonuniformity effects.
The values of ¢; hardly depend on the nonuniformity rate.

Figure 4 shows the maximum of T (solid line), that of T, (dotted line),
pR and the burning fraction, f, as a function of the elapsed time after the
time, ¢¢, at which the target collides at the center for Ep =5MJ, m =2 and a
= 0.04, 0.05. Comparing the figures for a = 0.04 and 0.05, we can conclude
that a slight difference in T determines whether ignition occurs or not and
cause a large difference in the burning fraction.

Figure 5 shows contours of T} and p when E, =5 MJ, m =2,a =0.04 and ¢
- tc = 1 nsec (before the ignition; see Fig.4) and 1.5 nsec (after the ignition).
It is seen in the figure at ¢ - £, = 1 nsec that the contours fairly deform due to
the nonuniformity effect. On the other hand, this deformation can be seen
to have been mostly recovered at ¢ - ¢, = 1.5 nsec, i.e., during the explosion
process after the ignition.

Table III shows the critical values of a form =2, -2, 4,-4,6,8and E, =5
MJ and 7 MJ. It is seen in the case of E}, = 5 MJ that a., takes the smallest
value for the m = 2 mode. In other words, the ignition condition is the
severest for the nonuniformity with the largest spatial scale. It should be
noted, moreover, that a. has different values for the same Im!. This
means that strength of nonuniformity effects on the ignition conditions is a




function of not only the growth rate in the linear stability theory, but also
that in the nonlinear theory. The reason is why the modes with the same
Im| have the same growth rate in the linear theory. When E, = 7 MdJ (e,

Eypis 2.2 times Eg'), the value of a., for m = 2 is found to rise up to 0.09.

§5. Conclusions

Using the 2-D axi-symmetric code, we analyzed how implosion motions
and the ignition conditions for the ion-beam fusion were affected by
irradiation nonuniformities except those due to the target being irradiated
by finite number of the same separate beams. We then obtained the
following two main results. The first result is that the critical value of the
peak-to-valley nonuniformity rate is the lowest for the m = 2 mode. In the
present simulation the left-right symmetry has been assumed as well as
the spherical symmetry. Consequently, the m = 2 mode corresponds to
motions with the largcst scale in the present simulation. This result,
therefore, implies that the value of a.y may be smaller for the m = 1 mode,
i.e., the ignition condition may be severer if simulations are performed
without assuming the left-right symmetry. This is a future problem.

The second is the result that the critical value of the nonuniformity rate
is a¢r = 0.04 when Ey, = 5 MJ, i.e., the beam energy is 1.6 times the threshold

beam energy, Eg‘ = 3.2 MJ, in the case of spherical stmmetrie irradiation.

On the other hand, a¢, rises up to 0.09 when Ep = 7 Md, i.e., Ep is 2.2 times

Eg\ . These results indicate that the critical value of a may further increase

if beams with larger energy may be applied on the target. It is, however,
difficult to apply the beam energy greater than 7 MJ so far as the target
with the present parameters is used. The reason is as follows. When more
beam energy is applied on the target, temperature in the pusher becomes
higher and the propagation velocity of radiation becomes faster. As a
result, we must use targets with a wider radiation shield to avoid preheat
and make the pulsed width shorter. In such target implosion, however,
the hydrodynamic efficiency is expected to decrease and the implosion
velocity and the temperature in the ignitor may not increase; it is
questionalbe, therefore, whether ignition occurs or not even when larger
energies are applied.




In the present simulation no ignition occurred when the nonuniformity
rate exceeded a certain value not as a result that the value of pR became
smaller than that necessary for ignition, but as a result that ion
temperature in the ignitor could not exceed the ignition temperature. This
is due to the fact that the mass of the DT fuel used here was comparatively
large, or rather too large. If, therefore, we lessen the target size and the
fuel mass, we may obtain ac, with a larger value because the implosion
velocity and the temperature in the ignitor are expected to increase for such
a target. For smaller targets, however, preheat effects should be taken into
consideration as in the case where beams with larger energy are applied.
The reason is that the target closure time is shorter for smaller targets and
the pulse width must be shortened for such targets. As a result,
temperature in the pusher increases and preheat will be easy to occur.

To summarize these results, we may conclude that we can obtain
sufficient pellet gains if we can control the peak-to-valley rate of irradiation
nonuniformities except those due to finite number of separate beams
irradiating targets to be within 10%. If such a control is difficult, therefore,
it will be necessary to look for other conditions in which a.r becomes
greater by changing various parameters concerning the target and the
beam. It may not necessarily be easy to look for such conditions, and we
will remain it as a future work.

Appendix: Estimation of Finite Difference Errors for V.v and V-.xVT
For simplicity, we take V-v as an example, and assume v to be a
function of r alone. In this case, since V-v can be written in the

conservation and the non-conservation forms as

the two finite difference forms can be considered as follows:

5r2u + O(Ar?)  §.r2u O(ar2
Vov=—— =L (;), (A1)
r T T

Vv =38+ 2Tu+ O(Ar2), (A2)




assuming the finite difference errors for the first-order derivatives to
0(Ar2). The above equations show that the conservation form of finite
differance (A1) has an error of O(1) when r ~ Ar. On the other hand, the
finite difference error can always be kept to 0(Ar2) when the non-
conservation form (A2) is used.

As for V-.xVT, we can also show, in a similar way, that the finite
difference error may be of O(1) when the conservation form of finite
difference is used and it can be kept to O(Ar2) when the non-conservation

form is used.
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Table I. The values of the burning fraction (the rate of nuclear reaction), f,
the maximum of pR = fpprdr, and the time, ¢, at which the target collides

at the center versus representative values of the total incident beam energy,
E},, in the spherical symmetric case.

EpyMJ) [ pRya (kg/m?) t,(nsec)

31 0.0003 73.8 221
3.2 0.547 74.5 21.8
4 0.560 79.5 198
5 0.569 814 18.0
6 0.573 82.5 16.6
7 0.570 838 155
8 0.554 83.2 14.4
9 0.408 25.2 133

Table II. The values of the burning fraction, f, the maximum of pR =
Ipprdr, and the time, t¢, at which the target collides at the center versus
representative values of the nonuniformity rate, a, for E, =5 MJ and m = 2.

a f PRyax (kg/m?) ¢ (nsec)
0 0.569 824 18.0
001 0.568 814 18.0
002 0.568 80.0 18.0
0.03 0.566 76.7 18.0
0.04 0.561 71.9 17.9
0.05 0.0006 66.9 179




Table III. The critical values of the nonuniformity rate, acr, versus
representative values of the incident beam energy, Ep, and the mode in the

9-direction, m.

Ep(MJ) m agn

5 2 004
ﬁ 5 4 007
5 6 005
5 8 007
5 2 007
5 4 005
7 2 0.09

250 pm 0|

Fig.1. Target structure used in the computation.




Fig.2. Distributions of T, p and u for b =1 and 2
at 100 steps when the left wall began to move
suddenly rightward with a constant velocity for
the Mach number 10. The exact solutionl6) has

also been shown by the dotted line for
comparison.

Fig.3. Finite difference solutions for T, p and u

with b = 1 and 2 representing Kidder
solution17?) (dotted line) at 180 steps.
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Fig.4. Plot of the maximum of T} (solid line), that
of Ty (dotted line), pR and the burning fraction, f,

as a function of the elapsed time after the time,
tc, at which the target collides at the center for

Ep=5MJ,m=2,and a =0.04, 0.05.
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Fig.5. Contours of T; and p when E, =5 MJ, m =
2,a = 0.04, and ¢ - t; = 1 nsec (before the ignition;
see Fig.4) and 1.5 nsec (after the ignition).
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PIC C ode f or L I B D i od e
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Ne are developing a 2.5 - dimensional Particle - 1n - Cell
Code to design High Intensity LIB Diode for lnertial
Confinement Fusion. The fundamental equations consist of

three wave equations, one Poisson equation for determing the

electromagnetic field and Newton - Lorentzs equations for
moving particles. In this code . Cylindrical coordinate
is used . The first step., this PIC Code try to simulate

a simple model which is parallel cicular plane Diode

and to investigate Ton current density at cathode
§ 1 I ntroduct i on
In LIB ICF , it is required that the several MJ Energy 1is

injected into a Target with the radius of several milime -
ters during the time interval of several nanosecond. For

generating such High Energy lomr Beam . w%e¢ vcan use the high




voltage pulsed power techniques . The main problem connected

with ion beas production

is that application of a high

voltage to an anode - cathode gap candraw both an electron

beam from the cathede and an ion beas

to the larger ion mass , the ionm current will bebe

than the electron

current

from the anode . Due
smaller

e And the power delivered

to the ion bean will be smaller than the power to the elec-

tron beanm. To improve the

efficiency of the ion beam produ-

ction, it is necessary to prevent the electrons froms cathode

.because electrons will take up the most of energy delivered

to the diode. To prevent

the electron current from the

cathode . we apply the magnetic field at the anode - cathode
gap. This diode type is the Magnetically Insulated Diode
At generating the ion beam |, The stability of electron

sheath is very important problea

P. I. C. Code to

diode . In this code,

coordinate

§ 2 Mode |l

[A] Field Equations

[f we employ the relations

simulate

Therefore . we make the

ion and electron motion in the

Assuming axial symmetry in cylindrical




R = - vV ¢ - (5 A a t
v - A = 0
with Maxwell s equations . the electromagnetic field are

obtained by solving three wave equations for the vector

potential and one Poisson equation for the scalar pote -

ntial
V°<X>==~p'ea
via -~ (1 c )y (&2 A gt )
= — u g I ~ VvV (& @ a t )
shere <N and P are the vector and scalar potential.
J and p are current and charge density . The rurrent

and charge densities is interpolated by area-weighting.

The model is circular plane diode. Assuming axiadl sym

Betry in cylindrical coordinate. (0 3 8 -4}

:B. Equations of Motion

fon motion are determined by this equations
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the field eqs. and motion eqs. is implicit method.

To simulate the diode ,we uwused this parameters
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In this research . we simulated a very simple model . But

¥e need more detailed calculation of ihis model and more
development of this code to desigu LIB diode for . C.
E.

The ion current density at the cathode is shown in Figure
1. {(at" #.7 nsec) The fon and ¢electron Maps are shown ian
Figure 2~ 3, The Scvalar potential is shown in Figure 4. The

electric and magnetic field is shown in figure 5~ 7.

According to the simulation results the electron sheath
is unstabie . We need a method of stabilizing the electron
sheath.
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Kinetic Theoretical Analysis for Propagation of
Rotating Ion Beam in ICF

T. Kaneda and K. Niu
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Abstract

It is proposed that self-magnetic field of the beam can stabilize and pinch
itself, without complete neutralization of the beam current. This situation is
achieved in the back ground plasma which density is about 1/10 of the beam.
The beam produces the strong azimuthal self-magnetic field by the axial
motion. This field makes the beam pinch. The axial self-magnetic field is
induced by the beam azimuthal motion and stabilizes the beam propagation.

In this paper, the rotating light ion beam is discussed on the basis of kinetic
theory. The velocity distribution function for the beam ions f, is obtained as
an exact solution of the Vlasov-Maxwell equation for the steady state. That is,
fio is an arbitrary function with respect to Hamiltonian H, canonical angular
momentum Py and canonical axial momentum P, ; f,=f(H,P,;, P,). Here,
the subscript "," denotes the steady state. The macroscopic physical quantitics
are obtained by integration in v-space. Hence, in order to obtain the steady
state solution of beam-plasma system, these equations must be solved
numerically with Maxwell equations simultaneously. The distribution function
S0 is assumed by considering the condition to extract the beum in the diode.




Introduction

The choice of the energy driver is one of the most important subject of the
study to realize the inertial confinement fusion at the present stage. Many
kinds of energy drivers have been proposed until now. To use the light ion
beam as an energy driver is one method, but the propagation from the diode to
the target must be studied still in detail. The plasma channel method has been
proposed for stable propagation of the light ion beam. But such a mcthod has
many difficult problems in order to design the actual fusion reactor. The
rotating beam has been proposed recently as an another method to propagate
the light ion beam from the diode to the target. The azimuthal (- direction)
motion of the beam stabilize itself. The beam particles receive the Lorentz
force to the azimuthal direction by appling the radial (r-direction) magnetic
field in the diode, so the rotating motica of the beam particles is induced. The
axial (z-direction) magnetic field is induced by this rotating motion of the beam
particles. The axial self-magnetic field stabilizes the beam propagation and the
azimuthal self-magnetic field makes the beam pinch. Considering the condition
to extract the beam in the diode, the velocity distribution function of the beam
particles is decided and the macroscopic physical quantities are solved
numerically in this paper.

General Solution of The Vlasov-Maxwell Equations
The governing equations of beam-plasma system are given as following
equations.

Boltzmann equations
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Maxwell equations

VXB = o [ Sei, 0 + o lE (xibiesd) @
= -9B

VXE = 3 3

V-B=0 (4)

&V E= [Tef & (x;b,e,i) )

—® x

Here, f, is a velocity distribution function. The subscript " denotes a sort
of particles. t is time, q (q=(r,0,z)) is generalized co-ordinate, superscript "-"
denotes the time derivative and "*" denotes the microscopic velocity. Because
the mean free path is exceedingly long compare to the beam radius as to the
beam particles, the assumption of collisionless holds to a fairly good approxi-

mation.
8 .3y .. 8fy
—_—tg—+g— =0
ar g 95 ()
Based on a few assumptions (%= 5‘%=;—z=0), equation (6) can be
written as follows:
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Here,F=(F_,F,,F,) is external electro-magnetic force. This external force is
written by scalar potential ¢ and vector potential A. Equation (7) has the
form of Lagrange’s partial differential equation. From the characteristic
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equation of this equation, following three integrals of motion are obtained.

H=e,® +%m (¥ 2+ ¥2+ 9,2 : Hamiltonian
P, =m,ri,+ e,r4, : canonical angular momentun
P, =m¥,+eA, : canonical axial momentum

Then, the general solution of Eq.(7) is an arbitrary function with respect to
these three integrals of motion.

fso = fyolH,Po,P,) (8)
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Here, the function U(r) is given by
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Equilibrium Solution of The Beam
The steady solutions of the rotating ion beam can be obtained by the before
basic equations. It is assumed that the canonical angular momentum P, has
the scatter and the Hamiltonian H and the canonical axial momentum P, have
constant value H, and P, respectively on each particle. Then the velocity dis-
tribution function f, can be approximated by following equation.

Sl PP} = A 8(H—H,) 8(F,~F5) S(Pyg; Poys Poa) (10}

Here, A is constant, 8(x-x;) is a delta function. The function S(x:x,,x.)
takes unity between x, and x, , and the value corresponding to the another x
values is zero. Such a distribution function f,;, expresses a hot plasma pro-
pagating to z-direction with the betatron motion. The integration appeared in
the Maxwell equation (2) and (5) can be calculated as follows:

Fa2

2A 1
n,,u = 3 I—G— dPe (11)
mb"’el
VbrO =0 (12)
?
Vg = —2A_ [ LPamerAw (13)
580 iy A G m,r ]
Py—eA,
Vio = _o’;:__o_. (14)

The beam temperature Ty is not an unknown function of the Maxwell equa-
tions, however, which can be written as follows:
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The integral from P, to
Py of P; in  the
Eq.(11),(13) and (15) can
be integrated analytically
by sorting out into follow-
ing four cases.

For example, beam
number density (Eq.(11))
is calculated as following
way.

By comparing the singu-
far points (Py=e,
rAgxmra) of the curve
1/G and the range of
integral ( Py, <P <P, ),
the solutions are classified
into four cases. Here, a is
defined as follows:

2 Ly~ ek,
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As to the other physical quantities, in the same manner as numbcr density,
the analytical solutions are obtained by the classification into four cases.

Table 1 The analytical solutions classified into four cases

case 1

case 2
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where

Py1—eyrAg

m,r

The Arcsin denotes the principal value of the arcsin. Here, one should note
that these physical quantities n,;,V,,, and T, are not decided as functions of
Because in the above solutions, the functional forms of ®(r),A,,(r) and A
,0(r) are not decided. Hence, in order to obtain the steady state solution of
beam-plasma system, these equations must be solved numerically with
Maxwell equations simultaneously. At each point of r, the "case” must be
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decided to calculate the n,,V, 4, and T,
The results are shown in Fig.2-Fig.7 in the case of E, =0,V,=V =0. The
following parameters are used in this calculation.

H,=1.3x101%2]

P, =-0.3x10%2 kg m? /s
P,=1.5x102kg m?2/s
P4=6.5%102 kg m/s
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Fig.2 Beam number density profile
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Hybrid Particle Simulation for Focusing of
Rotating and Propagating LIB

Takayuki AOKI and Keishiro NIU
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Abstract

The focusing processes of a rotating and propagating light ion beam in the
drift region are studied numerically by using a hybrid particle code. Initially an
intense ion beam with the current density of 8 kA/cm-” and the total current of
2.5 MA. which is extracted from the diode, passes through the applied
magnetic fielu iv make the beam rotate in the azimuthal direction. The beam is
focused owing to the anode geometry and the induced self-magnetic field. The
phenomena of the beam focusing strongly depend on both the background
plasma pressure of the drift region and the applied magnetic field. In the case
that the plasma pressure is 3.0 Torr and the 0.2-Tesla magnetic field is applied
in the distance of 2.0 cm, the self-magnetic field is induced in the vicinity of
the focal spot, and the rotating and propagating beam with the intensity of 10§
TW/cm"” and the beam radius of 3.5 mm is formed after the focal spot.

1. Introduction

Inertial Confinement Fusion (ICF) schemes require the intensity of more
than 100 TW/cm® and the beam energy of several MJ for light ion beam (LIB)
drivers in order to extract enough energies from DT fuel targets.“ Recent
experimentsz) of the beam generation resulted that the beam current density
was 6 kA/cm® before focusing and the diode voltage was 1.4 MV. Beam
focusing expcriments3'4) reported that the focal intensity was 1.5 TW/em®,
because the flashover anode plasma was inhomogeneous and the cathod




electron sheath could not make a spherical equi-potential. Furthermore, the
self-magnetic field induced in the drift region had bending effects on the beam
trajectories. A recent approach is to use an ion with a larger mass-to-charge
ratio than a proton, that is, to accelerate Li* ions.? However, these types of
experiments assumed that the target was located at the focal spot, and the beam
transport in the reactor chamber was not taken into consideration. The
transport experiments using the z-discharge plasma channel® were made, while
there were a few cumbersome problems. used for the beam transport from the
focal spot to the target.

Recently a rotating and propagating LIB has been proposed”) in order to
improve the focusing properties and stably transport the beam to the target
over the distance of several meters. A beam current of a intense LIB is not
neutralized adequately in a low-density plasma comparable to the beam
density.®) This beam makes use of the pinch effect of the azimuthal self-
magnetic field induced in the focusing phase in addition to the diode geometry.
In the propagation phase, the beam is confined by this magnetic field and the
Lorentz forces balance with both the beam pressure gradient and the
centrifugal force in the radial direction. At this stage, beam trajectories are not
straightforward and beam particles oscillate with a betatron frequency in the
radial direction. A beam brightness and beam optics become meaningless in
such a situation. The beam propagation is stabilized by the beam rotational
motion and induced axial magnetic field. In the macroscopic equilibrium state,
the beam is stable on the condition that the ratio of the beam rotating velocity
to the propagating one is more than the value of 0.6.” In this paper, the
phenomena of the beam focusing are simulated by the hybrid particle code in
which beam ions are represented by a particle model and a background plasma
is treated as a fluid model. We investigate the optimum density of the
background plasma and the optimum strength of the applied field to rotate a
beam for a well-focused rotating and propagating LIB.

2. Self Focusing and Formation of Rotating and Propagating LIB

The beam particles with the injection angles and the local divergence




angles due to the diode structure are injected into the drift region. In this
paper, it is assumed that the specie of a beam is a proton and each particle has
the energy of 5.6 MeV in the entrance. The structure of the drift region and
the system of the cylindrical coordinate (r,0,z) are shown in Fig. 1. This
region is filled with a low-density plasma and the applied field coils setting up
in the entrance continue to the anode of the diode. The magnetic-field
structure made by these coils is shown in Fig. 1.

In the applied magnetic field, the beam particles begin to rotate in the 6-
direction owing to the Lorentz force. A small percentage of the axial
momentum of the beam is transferred to the angular momentum by the applied
magnetic field. The space charge of the beam is perfectly neutralized by the
background electrons in this region, however, the current neutralization
fraction strongly depends on the density of the background plasma. The beam
current is mostly neutralized on the condition that the plasma density is much
higher than the beam density. It is assumed that the plasma pressure of the
drift region is a few Torr ( at 273K ), that is, the plasma density is the order of
102 m™>. If there are no field and no interaction among each particle, the
beam is focused at the focal point z;, which is determined by the injection
angles and the spot radius of the beam depend on the local divergence angles.
When the beam is focused within the 1 cm-radius owing to the injection
condition, the density of the beam becomes comparable to that of the plasma
and the strong magnetic field is induced in the vicinity of the focal spot.
Because the angular momentum is conserved, the beam velocity in the 8-
direction becomes large near the focal spot. The beam 6-current induces the
magnetic field in the z-direction to stabilize the beam propagation. After the
focal point z,, the strong induced magnetic field confines the beam within a
small radius. Thus far the configuration of a rotating and propagating beam is
formed.

3. Hybrid particle code

In order to simulate the focusing process of a rotating and propagating
LIB, we have developed a hybrid particle code. In this code, the beam motions




are solved by using a particle in cell (PIC) model, because the mean free path
of the beam particle is much larger than the scale of the region. The particle
description is given by the following Newton’s equations,

dvy _

T -——"fb (E+VbXB) , ¢}
dry _
<1 Vb > (2)

where v, and r, represent the velocity and the position of the beam particle,
respectively. Other symbols obey the standard notation.

The background plasma is collisional and is treated as two fluids (electron
— ion) model. We are not interested in the phenomena occurring on the time
scale of the electron plasma frequency, @, and the electron cyclotron fre-
quency, {},. In this regime, the inertia term in the momentum equation can
be neglected!® and the quasineutrality holds good, i.e., n,=Zn+n,, where
n is the number density and Z is the charge state. The subscripts e, i and b
denote the electron, the ion and the beam, respectively. The basic equations
describing the electron fluid are as follows,

—ene(E+ueXB)—menevej(ue—ui)—Vp.=0, (3

Snek[ L+ ue - VITe=—peVue+V-k VT +Q, | @)
3

Q= ":ie veinck(Ti“‘Te)'*'TlJp%asma (5)

+ Qstopping - QBremsstrahlung ’

where v, is the electron-ion collision frequency, K is the thermal conductivity
and m is the electrical resistivity. Qstopping is collisional deposition of the beam
energy and Qp . raniung 1 the cooling due to Bremsstrahlung radiation. The
plasma is assumed to be optically thin.

For the ions of the background plasma, the full sets of fluid equations are
used as follows: '
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By using the scalar and vector potentials, the electric and magnetic ficlds
are represented as follows,

E=-V¢--4 (10)
B=VXA . (11)

Choosing the Coulomb gauge, VA =0, Maxwell’s equations are reduced to

A¢=‘-fa(zini+nb—ne) , (12)

2
E%%%“AA=uo€(Ziniui+"b“b""=“°)— avét ' 1

Here, u, represents the local mean velocity of the beam particles. Under the
quasineutral condition, however, it is impossible to use Poisson’s equation

(12). Solving Eq. (3) for E and taking divergence, we have

Ab=V-(UeXB +mevei(ue—u;) + —}TVPC) . (14)
e

Equations (13) and (14) are used to obtain the scalar and vector potential.
In the above formulation, the existence of neutral atoms and atomic physics
including such effects as ionization, collisional excitation, radiative decay and




S0 on are ignored.

4. Dependency of Background Plasma

The current-neutralization fraction of the beam depends on the
background-plasma density. When a beam is injected into the drift region, the
beam current induces the self-magnetic fields. Because these fields vary tem-
porally and spatially associated with the beam motion, the induced electric
fields are generated in directions inverse to the beam propagation. The electri-
cal conductivity of the plasma determine the electron current corresponding to
the electric field. If the plasma pressure is homogeneous, equation (3) is
reduced to the following Ohm’s law,

_ 1 O Te; _
€2n Tei ezﬂ Tei
0'"=2_m'ee = » UI =—m:_el' » (16)

where the subscripts || and | mean to be parallel and perpendicular to the
magnetic field. The parameter w 7, depends on both the plasma density and
the magnetic field. If the plasma is rarefied and coupled strongly with the
magnetic field, o 1., >> 1, the effective conductivity decrease rapidly.

The focusing processes are simulated on the condition that the incident-
beam current density and particle energies increase with a rising time of 10
nsec as shown in Fig. 2. The injection angles are chosen such as the beam is
focus at the point of z;=28 cm, and the local divergence angles are all 30
mrad. In the case that the background is a 20-Torr Argon plasma, we can
show the temporal precesses in Fig. 3 and beam emittances in Fig. 4,
respectively. The ionization state of the Argon plasma is assumed to be single
constant'y. In any cases simulated in this Section, the applied magnetic field is
the same strength of 0.25 Tesla in the entrace of this region.

The numerical results show that the beam current is almost neutralized and
the self-magnetic field is hardly generated, because the density of the plasma is

o S




much higher than that of the beam even in the focal spot. After the focal spot,
the beam diverge and cannot form a rotating and propagating LIB. The
trajectories of the beam particle are almost straightforward except the vicinity
of the focal spot. It can be found that the beam emittance is conserved along
the z-axis according to the beam optics theory.

In the case that the background plasma is 3 Torr, the Map of the beam ion
in the vicinity of the focal spot and the beam emittance are shown in Figs. 5
and 6, respectively. The beam becomes such a situation as maintained in Sec.
2. The map of beam steering angles”, i.e., steering angle=tan"! (., /4., )
can be shown in Fig. 7. Because the steering angles are distributed broadly in
both negative and positive sides, it can be confirmed that the particles are
oscillating the betatron motion in the r-direction. In Fig. 8, we show the map
of the rotation ratio” which is defined as the ratio of the beam particle velocity
in the @-direction to that in the z-direction. After the focal spot, the average
value of the rotation ratio is about 0.5. We can find that a rotating and
propagating LIB is formed under these conditions. The background plasma is
heated up to 200 eV mainly by the Joule heating effect of the electron current.
The plasma is expanded by the J . XB_ force and the temperature gradient,
however, the spatial profile of the plasma density changes hardly.

In the case of a 1-Torr background plasma, the map of the beam ions, the
heam emittance, the steering angle and the rotation ratio are shown in Figs. 9
~ 12. If the background-plasma density is equal or less than 1 Torr, the large
induced electric fields are generated and deflect the particle trajectories from
the central axis from the early stage of the focusing. Because the beam density
cannot become high, the force due to the strong induced electric field
overwhelms the Lorentz pinch force and diverges the beam. The position of
the beam focal spot changes and cannot form a rotating and propagating LIB.

If the background is 3-Torr Hydrogen plasma, the plasma is blew off in the
r-direction mainly by the strong J . XB,, force, because the mass of the
plasma ion is too small. The plasma density near the focal spot decrease and
the induced magnetic fields become large.

To be summarized, a 3-Torr Argon plasma is the most suitable for the
focusing and the formation of a rotating and propagating LIB configuration.
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5. Optimum Applied Field

In order to rotate a beam propagating in the z-direction, the magnetic field
has to be applied in the r-dire~tion. The strength of this field has a strong
effect on the beam focusing processes as well as the background-plasma
density. We can estimate the strength B, ., and the distance Az which the
field should be applied to. After passing through this field and before
focusing, the beam particle has the rotationai velocity, Au,, which is
calculated as follows;

=_€ . =_€_ .
Aue— m_b'uszapphedAt mbBapphedAz » (17)

where u,, is the beam injection velocity in the z-direction and At is the
propagating time for the distance Az. Because the system is cylindrically
symmetry, the angular momentum is conserved,

Lo=myrug+erAg=const . (18)

After the beam is focused, the beam density n,? and the beam azimuthal
velocity u,? are required to be ~102 m~3 and ~107 m/s, respectively. From
Eq.(13), we have

Ag ~ p,oenbauearaz ’ (18;

where r? is the beam mean radius The angular momentums between before
focusing and after focusing are equal and we have

mbueara( + nbae2 ra2 )
erbd mp€, c¢ /°’

B appliedAz = (19)

here P is the beam velocity before focusing and is approximately equal to the
diode radius of 10 cm. In the case of r*=5mm, the value of B, ;. ;Az is 1072
Tesla'm. In the case investigated in Sec. 2, we chose the applied magnetic field

such as B apph.EdAz=4>< 102 Tesla'm and the simulation resulted that beam was




focused well.

In the case of non-applied magnetic field, the results of the simulation are
shown in Figs. 13 and 14. In this Section, the background is assumed to be a
3-Torr Argon Plasma. It can be found that the rippling occurs after the focal
spot. The focused-beam intensity increases only up to 50 TW/cm? and This
rippling may trigger instabilities. According to the stability analysis®, non-
rotating beams confined by the self-magnetic field are subject to Sausage
instability.

In the case of BappuedAz=0.1 Tesla'm, the results are shown in Figs. 15 ~
18. After the particles pass through the applied field, they havc too large
rotational velocity. Because the centrifugal force becomes large coming near
the center, the particles are deflected. Therefore, there is the optimum
strength of the applicd magnetic field and B, .. ,Az~0.04 Teslam is the most
suitable for the beam focusing.

6. Conclusion

By using the hybrid particle code, we could simulate the focusing and
formation phenomena of a rotating and propagating LIB in the drift region.
We assumed that the proton beam with the current density of 8 kA/cm?, the
rising time of 10 nsec, the beam radius of 10 cm and the local divergence angle
of 30 mrad was injected into the drift region. When the density of the
background plasma was 3 Torr and the magnetic field was applied such as
B ,oiied2=0.04 Teslam, we had the results of the beam maximum intensity of
108 TW/cm? and the beam minimum radius of 3.5 mm after focusing.
Furthermore, the beam tended to the equilibrium state and propagated forming
a rotating and propagating LIB configuration. The background of a Argon
plasma which is heavier than a Hydrogen plasma, is suitable for the beam
focusing to keep the density constant.

It is easy and highly efficient to extract intense proton beams, and there are
a lot of advantages to a use proton beam. If the focusing experiments of a
rotating and propagating proton beam, which have not made ever, coincide the
simulation results of this paper, a proton beam is still promising candidate for




the energy driver of ICF.
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Figure Captions

Cross sectional view of the drift region. The dash lines mean the
magnetic field lines and the mesh structure is used for the

simulation.

Time dependence of the incident beam current density and the beam

particle density.

Temporal variations of the beam-ion map in the focusing process.
Dots are the beam ions. (a) time=6.6 nsec, (b) time=9.9 nsec
and (c) time=13.2 nsec. After time=13.2 nsec, the beam-ion
maps are almost same as (c¢). The background-plasma pressure is

20.0 Torr (273K).

Spatial variations of the beam emittances along the z-direction.

(@) z=7.0cm, (b)z=18.0 cm,
(e) z=28.5 cm and (f) z=31.0 cm.

(c) z=23.0 cm, (d) z=26.0 cm,

Map of the beam ions near the focal spot at time=26.4 nsec. The
background-plasma pressure is 3.0 Torr.
Beam emittance at z=30.0 cm. The background-plasma pressure is

3.0 Torr.

Beam steering angle versus axial position of the drift region at

time=26.4 nsec.

Rotation Ratio versus axial position at time=26.4 nsec.
Map of the beam ions near the focal spot at time=26.4 nsec. The
background-plasma pressure is 1.0 Torr.
Beam emittance at z=30.0 cm. The background-plasma pressure is

1.0 Torr.

Beam steering angle versus axial position of the drift region at

time=26.4 nsec. The background-plasma pressure is 1.0 Torr.
Rotation Ratio versus axial position at time=26.4 nsec. The
background-plasma pressure is 1.0 Torr.

Map of the beam ions near the focal spot at time=26.4 nsec. There
is no applied magnetic field in the drift region.

Beam steering angle versus axial position of the drift region at
time=26.4 nsec without applied magnetic field.




Fig. 15 Map of the beam ions near the focal spot at time=26.4 nsec in the
case of B, ;.;Az=0.01 Teslam.

Fig. 16 Beam emittance at z=30.0 cm in the case of BappuedAz=0.01 Tesla'm.
Fig. 17 Beam steering angle versus axial position of the drift region at
time=26.4 nsec in the case of B, ;,;Az=0.01 Teslam.

Fig. 18 Rotation Ratio versus axial position at time=26.4 nsec in the case of

B piedd2=0.01 Teslam.
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Elctron Current Effect on Stability of Plasma Channel

Tomokazu Kato and Tetsuya Ishimoto
Depertment of Applied Physics, School of Science and Engineering
Waseda University, Ohkubo 3-Chome, Shinjuku-ku, Tokyo, 160

§1. Abstract

We investigate the density profile of each species when the beanm
propagates in a plasma channel. Assuming the cylindrical symmetry
and uniformity in the z-direction for the ion beam and the plasma
channel, the profile depends only on the radial distance from the
axis of symmetry. We treat the channel ion is at rest, and there
are two flow in the channel, electron return current and beamn
flow. They build the magnetic field. Only this field contributes
to the density profile because of charge neutrality. We consider
the two cases, one is that the pressure balances with Lorentz
force ( in equilibrium ) and the other is that the profile is
constant ( before equilibrium ). So the considerable combination
of the electron and the beam profile is as follows. { 1 ) Both
the ion beam and the electron current are in equilibrium. ( 2 )
The ion beam is in equilibrium and the electron density profile
is constant. ( 3 ) The beam density profile is constant and the
electron is in equilibrium. ( 4 ) Both profiles are constant.
Case (1) is mentioned by Bennett1), and case ( 4 ) by Alfvenzx
Then we investigate case { 2 ) and ( 3 ) in Sec.§2. In Sec.§3, we

discuss the validity of the assumption of thermal equilibrium.

§2. Analysis of the density profile

We first consider case ( 2 ). As the beam is in thermal
equilibrium, the profile is given by the Boltzmann factor.
Ampere’s law, expressed in terms of the z component of vector

potential ,A , is written as follows,

YAr | L QA | _ Atevy eV Az 4nefeve
3 T ¥ oat G < Meesenp (SR2fy « ) (1)

We assume ewhafer, « | and expand the exponential inte the




Taylor series up to the second terms. The linearized equation is

Pu o rAR WL A Q‘.ﬂ_f%mbm-l)

arz T O Toa (2)

’

where f isthefractionof current neutralization ( feVe = XNsVy

’ d <o <} ) and A, is the Debye length defined on the
ion beam ( - (ME‘I‘EE—X? ). The solution of Eq.( 2 ) is

Arces = %“:(\-«)\L(‘é’;‘_r)_\\ , (3)
and

Necers Mo AL (8L « a L= (ERey1 | (4)

From the assumption of charge neutrality, the beam charge
density cannot change rapidly in the channel. Hence the argument
of Bessel function is restricted within small region, and we

expand J, to the second term. Then Eq.( 4 ) becomes

n.,\rnn.(ou\-u-m;l%‘:'{:k ¢5)
\ .

The only requirement for the validity of the present treatment is

2 a4
G- ied < (6)

where Q is the channel radius.
This method is similarly applied to case ( 3 ). In this case the

clectron density profile ( corresponding to rq.( 5 ) ) is

ecry = Me@ite (§ -1y z ¥ Ity (7)

3

where e is the electron Debye length of the plasma channel. The

condition, corresponding to Eq.( 6 ), is

_79_




§3. Conclusion

We consider the parameter of ICF using LIB experiment: ne=1018
cm'3, nb=1016 cm'B, Tb=0.1MeV, Te=10eV, Vb=1..4*109 cm 3'1,

a=0.5 cm. The condition of Eq.( 6 ) requires o > 0.996, and Eq.(
8 ) requires & = 1. Hence, in the plasma channel of LIB
experiment, the assumtion of thermal equilibrium does not be
valid, unless current is fully neutralized. A similar quantity to
Debye length in electric charge distribution does not play a role

in the magnetic interaction between electric currents.
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NUMERICAL SIMULATION FOR
PARTICLE ACCELERATION AND TRAPPING BY AN ELECTROMAGNETIC WAVE

Shigeo KAWATA, Masami MATSUMOTO and Yukio MASUBUCHI
Faculty of Engineering, The Technological University of Nagaoka,

Kamitomioka, Nagaoka 940-21, Niigata, Japan

Abstract

The interaction between particles and an electromagnetic
(EM) wave is investigated numerically in the system of particle
Vpr acceleration by the EM wave. Numerical simulations show
that the particle acceleration mechanism works well in the case
of the appropriate number density of the imposed particles. When
the interaction between particles and the wave is too strong, a
part of the trapped and accelerated particles is detrapped. A
condition 1is also presented for the efficient particle

acceleration aua trapping by the EM wave.




1. Introduction

Recently many researches have been done for the high energy
particle acceleration1 based on the electrostatic wave and the
electromagnetic one. For example, the particle acceleration has
been studied by wusing an electrostatic wave propagating
perpendicular to a static magnetic field (BO) theoreticallyz'3
and experimentallyA.

In addition, another type of particle acceleration has been
proposed in these days by using an electromagnetic (EM) wave
propagating perpendicular to B05'6. In the references of 5
and 6 the basic idea for the mechanism of particle acceleration
by an EM wave was presented by a simple analysis.

Following the proposals’é, this paper shows a further
investigation about the interaction between the particles and the
EM wave in the mechanism of the particle acceleration and
trapping by an EM wave perpendicular to By. In the situation
as shown in Fig.l, electrons introduced near the Bz=0 point ( or

sheet ) of A, can be trapped in the x direction by the magnetic

force of —e/chBz. In addition, near the Bz=0 sheet the trapped

electrons feel the electric field of the EM wave to be

accelerated in the -y direction. First the mechanism of particle
7

acceleration and trapping is checked by a particle simulation’.
Then the particle-wave interaction is discussed: the numerical
simulation presents that the detrapping of the trapped particles
occur when the interaction is strong. Finally a .ondition is
also discussed for the efficient particle acceleration and

trapping in the mechanism.




2. Interaction between electrons and an EM wave

The purposes of this paper are to check the mechanism and to
clarify the particle-wave interaction in the svstem. For those
purposes one-dimensional numerical simulations are performed.
The used code is an particle-in-cell (PIC) code and is just the
same with the ZOHAR code’. The Maxwell equations and the
relativistic equation of motion are solved in the code. As 1is
described in the references 5 and 6, the EM wave must be a slow
one in order for particles to couple with the wave. The slow
wave is realized by a wave guide with a dielectric presented in
the references 5 and 6. In the simulation the slow wave is
introduced by changing the dielectric constant in the Maxwell
equations. For our purposes this approximation or technique in
the simulation is enough accurate.

In this paper the wave speed is 0.85xc. Here ¢ is the light
speed. The dielectric constant is 1.38. The magnitude of the
electric field Ey is 2.73x104/( A (cm)) volt/cm and X the wave

length in cm. The applied magnetic field (B is small

zapp)
compared with the wave magnetic field (B,5) by the factor of 6.9,

that 1is Bzapp= BZO/6.9. The averaged velocity of imposed
electrons is 0.85c in the x direction and -0.2c¢c in the vy
direction (see Fig. 1). The electrons are distributed uniformly
in the real space. In the velocity space the electrons are

distributed by the Maxwell distribution function with the

temperature of 5.45 kev. In the paper only the electrons are
movable. The number density of imposed electrons is a changeable
parameter. The employed boundary condition in the simulation is

the cyclic one.

Figures 2 show one of the simulation results in the case of
lxno of the electron number density, where ng is 5.58x108/(k
2cm)) em™ 3. The initial condition is presented in Fig.2-1:

Fig.2-1-a shows the distribution function versus the momentum in




the y direction, Fig.2-1-b the-diagram of the relativistic factor
versus the real space x, Fig.2-1-c the electron map in the
momentum space and Fig.2-1-d the space profiles of electric and
magnetic fields (Ey and B,). In each figures the trapping and
B,=0 point (sheet) is indicated by an arrow. Figure 2-2
presernts a rather beginning stage of particle trapping and
acceleration. A part of introduced particles starts to be
trapped by the magnetic field and accelerated by the electric
field., Figure 2-3 shows the efficient acccleration of electrons.
In this case the energy of the EM wave is large significantly
compared with the particle one. This simulation results show
that rhe trapping and acceleration mechanism by an EM wave works
well,

Figures 3 present other results for the case of the higher

density of 5xng. Other initial conditions a-e the same with
those in the former case. Figure 3-1 shows that a part of
electrons is trapped and accelerated like in the Fig.2. But

Fig.3-2 presents that the acceleration efficiency is lower thanr

that in the former case. In addition the back ground particles
are also accelerated. Figure 3-2 also shows that the trapped
particles start to be detrapped. In this case the EM wave has

not so large energy compared with the particle energy as shown in
Fig.4 because of the higher density of electrons. Figure 4 shows
the time sequences of the wave and particle energies, and that
the particles gain the wave energy as the increase of time. Near
the detrapping time, that is 2000 in the normalized time, the
wave looses its energy much. Figures 5 and 6 show the profiles
of magnetic field B, and electric one Ey, respectively for the
case. The decrease of electric field Ey is significant at the
trapping region. At the later time the electric field is nearly
zero at the trapping region. Therefore the trapped particle can
not be accelerated any more at the later time in this case (see
Fig.3).




The density profiles are shown in Fig.7 for the case of lxng
and 5xng at the normalized time 2000. In the figure the density
is normalized by the initial density. As shown in the figure the
density of the trapped particles is higher than the initial one
because of the bunching or focusing effect by the magnetic field
as is expected. In addition Fig.7 presents that the density peak
moves to the -x direction in the case of the higher densitv. The
wave propagates to the +x direction. This fact means the start
of the detrapping in the case of the higher density of electrons.
It is clear from the numerical results shown in Fig.3-2. The
reason why the detrapping occurs, comes from the self electric
field of the beam in the x direction. In the simulation the
Maxwell equation is solved even in the x direction in order to
include the self electric field of the beam. Roughly the

electric field Ex is estimated by the Maxwell equation as the

following:
€, = -4mI &, (1)
where t is the acceleration time interval. If the relation
lsE, | < v B,/c| (2)

is violated, the trapping force disappears in the x direction and
the trapped particles start to be detrapped. Therefore the

trapping condition becomes

ntrapét <1/(4 mq ¢) (vy/vx) B,. (3)
Here Ntrap is the trapped-particle number density. For the
efficient trapping and acceleration of particles, this condition

must be kept. Actually the simulation results show that the

detrapping occurs at the higher density than 3 ~Sx109/( Az(cm))




3 at the normalized time 2000 for our case. The estimated

3-

cm
condition shows that Derap < 4.65x109/( Xz(cm)) cm” We believe
that the condition (3) is a good estimation for the efficient
particle acceleration and trapping.

In addition to these results there is another remarkable
feature in the computed results. That is the acceleration of the
untrapped background particles in the case of the higher density,
as shown in Fig.3. The result is explained by using Fig.8.
Figure 8 shows the fovurier components of Ey. Only the basic
component and the k=0 (or flat) ore are presented in Fig.8. The
flat component appears from the particle-wave interaction as
shown in the figure. The background particles moves through the
wave in the x direction and feel the flat component of Ey' Then
they are accelerated by it. On the other hand the acceleration
of the trapped particles is saturated, because the electric field

becomes zero at the trapping region as shown in Fig.6.

3. Discussions

The interaction between particles and the wave is studied in
this paper by the numerical simulations. The numerical analyses
chow that the mechanism of the particle acceleration and trapping
by an EM wave works well. The condition is also derived for the
efficient particle acceleration and trapping.

In the real situation a slow mode of elctromagnetic wave is
vealized by the dielectric material presented in the references 5
and 6, and the actual structure of the wave fields is slightly
different from one which is employed in the analyses of this
paper. In order to simulate such the complicated structure, we
need the simulation in the multi dimension. In addition
particles move in the three-dimensional real _pace in the actual

situation. But the multi dimensionality is not the essential




point in the system. The essential points are included in the
analyses. This multi dimensionality will be included in the next
work.

In the next stage of the analyses we will also work on
parameter study in order to find the optimal parameter values for
the efficient particle acceleration by an EM wave and the

application to the ion acceleration in the near future.




Acknowledgement

This work is partly supported by the cooperation program cf
Institute of Plasma Physics at Nagoya University. Authors would
like to present the acknowledgement to Dr. Takashi Yabe at Osaka
University for his great help, to Dr. Satoshi Takeuchi at
Yamanashi University and Prof. Ryo Sugihara at Nagoya University
for their fruitful discussions. The authors also would like to
express our thanks to Prof. Keishiro Niu for his invitation to

this symposium from our deep mind.

References

1)IEEE Trans. on Plasma Science PS-15, (1987).

2)J. M. Dawson, V. K. Decyk, R. W. Huff, I. Jechart, T.
Katsouleas, J. N. Leboeuf, B. Lembege, R. M. Martinez, Y. Ohsawa
ans S. T. Ratliff, Phys. Rev. Lett. 50, 1455(1983).

3)R. Sugihara and Y. Midzuno, J. Phys. Soc. Japar 47, 1290(1979).
R. Sugihara, S. Takeuchi, K. Sakai and M. Matsumoto, Phys. Rev.
Lett. 52, 1500(1984).

4)Y. Nishida, M. Yoshizumi and R. Sugihara, Phys. Lett. A 105,
(1984).,

5)S. Takeuchi, K. Sakai, M. Matsumotc and R. Sugihara, Phys.
Lett. # 122, 257(1987).

6)S. Takeuchi, K. Sakai, M. Matsumoto and R. Sugihara, IEEE
Trans. on Plasma Science PS-15, 251(1987).

7)A. B. Langdon and B. F. Lasinski, Meth. Comp. Physics 16, 327.




Figure captions

Fig. 1

Mechanism of the particle trapping and acceleration by an
electromagnetic wave. A static magnetic field is applied so that
there is a finite electric field at the point A (BZ=0). Near the
point A the magnetic field acts to trapp electrons. The electric

field accelerates the trapped electrons.

Fig. 2

Simulation results in the case of electron number density of
lxng, here ng is 5.58x108/(wave length X(cm))z cm‘3. Figure 2-1
shows the initial state, in which Fig. 2-1-a shows the

distribution function veresus the momentum in the y direction,
Fig. 2-1-b the diagram of the relativistic factor versus the real
space X, Fig. 2-1-c the electron map in the momentum space and
Fig. 2-1-d the space profiles of electric and magnetic fields.
Figure 2-2 shows a rather beginning stage of the trapping and
acceleration,. A part of electrons starts to bhe trapped and
accelerated. Figure 2-3 shows the efficient acceleration. I'n

this case the wave energy is much larger than the particle one.

Fig. 3
Result for the case of 5xn®. Figures show the acceleration
efficiency is lower than that in Fig.2. Figure 3-2 shows that a

part of trapped electrons start to be detrapped and the back

ground particles are also accelerated.
Fig. 4

Time sequences of the wave and pariicle energies for the

case in Fig. 3.




Fig. 5
Profiles of magnetic field at the times of 0, 600 a~d 1600

for the case shown in Fig. 3.

Fig. 6
Profiles of electric field at the times of 0, 600 and 1600

for the case shown in Fig 3.

Fig. 7

Density profiles for the cases of lxnp and 5xnp at time
2000. The indicated density is normalized by the initial one.
The trapped particles are focused near the trapping point by the
magnetic field. The peak of density moves to the -x direction in
the case of the higher density. For the case of higher density
the plotted state is at just the detrapping time. The detrapping
comes from the induced electric field E, in the x direction. At
the time of the detrapping the electric force by the induced
electric field starts to overcome the trapping force by the

magneitic field.

Fig. 8
Fourier component of Ey. Only the basic and k=0 components
are presented. By the k=0 component the back ground particles

are accelerated as shown in Fig.3-2.




electrons

Fig. 1 Mechanism of the particle trapping and acceleration
by an electromagnetic wave.
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SIMULATION CODE FOR ICF INCLUDING RADIATIVE
ENERGY TRANSFER

G. Velarde, J. M. Aragonés, J. J. Honrubia, J. M. Martinez-Val,
E. Minguez, J. L. Ocana, J. M. Perlado

Instituto de Fusién Nuclear (DENIM)

Universidad Politécnica de Madrid
ABSTRACT

New improvements in the atomic physics environment of our ICF code
NORMA, ‘together with new algorithms for radiation transport are
presented. Using that code, results on LHAR targets of ILE are reported
and compared with ILESTA and HISHO-1D codes.

LOW-Z OPACITY CALCULATIONS

The opacity calculations are divided in three parts. The first one is
the computation of the atomic orbital quantities, such as: orbital
populations, orbital energies and oscillator strengths, for each plasma
condition. The second one is the calculation of the ion distributions
occurring in the real plasma, which can be obtained via rate equations
or by a binomial distribution 1. Finally, the extinction coefficients
(absorption plus scattering) for each ionic species are determined,
using the formalism for bound-bound, bound-free and free-free
transitions, and for the scattering processes.

The first step is the calculation of bound electron populations, orbital
energies transition probabilities, effective charges and free electron
densities for each plasma component. Besides, the atomic calculation
will take into account the excited states and ground states, for each
ionic state, that contribute to the extinction coefficient, according to
their actual abundances in the plasma.

This level of calculation is performed by using average atom models (AA)
or detailed configurations (DC). The second way is obtained after an AA
calculation followed by a calculation of ion abundances through a
binomial distribution.

In order to know the atomic structure and the atomic line transitiors,
the radial Dirac wave equation 1is solved, using a self-consistent
central potential, which includes bound and free electron contributions.
A Thomas-Fermi potential, externally calculated, can also be provided.

The frequency dependent photoabsorption coefficients versus density and
temperature for each low-Z element, for about 2000 energy discrete

Paper presented at the Symposium on Physics of Target Implosion and Pulsed Power
Techniques, Tokyo Institute of Technology, Tokyo (1987)
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values can thus be determined. These coefficients weighted in an
appropiate manner provide the multigroup opacities, which are employed
in radiation transport codes.

Several of our previous works 2, 3) show the results for aluminium and
other materials, whichk were found out by using the aforementioned
methodology. By comparing these results with those from the
Astrophysical Library 4)' some small differences are observed in the
Rosseland mean opacity for ranges of temperatures higher than 300 eV,
but the differences are larger at lower temperatures.

These differences have been reduced when the following phenomena are
taken into account: non-hydrogenic oscillator strength, collisional line
broadening due to electrons besides the Doppler line broadening, and
with the most detailed structure of the configurations in the real
plasma.

To check these results, aluminium plasma at 100 eV and 0.187 g.cm-3 has
been selected, because at these plasma conditions the aluminium is not

fully ionized.

In figures t.a, b & c, the extinction profiles for the Astrophysical
Library, and those for the AA model calculation and for the DC one are
shown. Looking at the results, the AA model gives a rather good results
in Rosseland mean opacity, although the extinction profile is not really
reproduced, such as it is obtained with the use of DC.

HYDRODYNAMICS WITH MULTIGROUP RADIATION TRANSPORT.

Recently, we have developed a one-dimensional radiation-hydrodinamics
code called SARA (Synthetically Accelerated Radiation Transport
Algorithm) that includes the multigroup radiation capability. The main
goals to write this code have been, first, to test the numerical
techniques to be used in two-dimensional ICF codes and, second, to
perform a more detailed analysis of the ICF capsules in a one-
dimensional frame.

The radiation-hydrodynamics equations are solved following the time-
splitting technique. In the first step, the hydro equations are solved
by means of the Flux Corrected Transport (FCT) algorithm of Boris 5). In
the second step, the Sp multigroup radiation equation is solved by a
second order positive scheme and the convergence of the radiation source
is largely improved by a synthetic acceleration method 6, 7). Finally,
the electron conduction is advanced in the third step.

By this time-splitting procedure, the radiation transport equation is
greatly simplified, resulting after time differencing and linearization

the following equation for the specific radiation intensity

Q.VIe+1/240,1¢+1/220X(E) [o"dEa(E) I'(E)+Q (1
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alumipium at 100 eV, 0.187 g.em-3. from:

(a). Astrophysical library (KR =

923.6 cm2. g-1)

(b). Average atom model (KR = 943.0 em?. g-1)

(c). Detailed configuration model (Kg
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where o stands for the opacity, op= o+1/cAt, lo for the scalar intensity
(zeroth moment in angle) and n and X are standard parameters 7). In the
radiation transport equation, all the terms should be evaluated
implicitly. This can be effectively done by the source iteration
technique, that consists on taking the radiation source from the last
iteration (€) and solving Eq. (1) to obtain the next estimate (£+1/2)
for the radiation intensity. In unaccelerated schemes e+l l/e
whereas in synthetically accelerated schemes the radiation intensities
are updated for the next iterate by means of solving a simpler form of
£g. (1) (low order operator).

In radiative transfer applications, one finds that the opacities can
reach very high values, in such a manner that the optical thickness of a
cell can be extremely high. In these circumstances, the numerical
schemes to discretize the Sp equations present two major problems.
First, the solution can become unstable, and second, the cell-centered
or cell-edge specific intensities do not fulfill the asymptotic (very
high optical thickness) diffusion limit 8). The linear dicontinuous
scheme (LD) 9), as well as other high order methods 8), solves both
problems, but is not fully positive and it is expensive from a
computational viewpoint, specifically in 2D-settings.

Based on the LD scheme Honrubia & Morel 10), have developed a new
Weighted Diamond with Slopes (WDS) scheme that is positive, second order
accurate, verifies the asymptotic diffusion limit and is cheaper than
the LD scheme.

The Fourier analysis of the convergence process of Eq. (1) shows that
for optically thick cells and large time steps, the asymptotic (after
many iterations) cunvergence rate can be unacceptably slow (spectral
radius close to 1). Thus, to solve the radiation transport equation in
the hydrodynamics time scale, with a suitable computational effort,
requires to improve this rate by using the synthetic acceleration
method. Specifically, following the Alcouffe et al. 6) and Morel et
al. 7) prescriptions we have used the Sp-synthetic method to accelerate
the convergence of the Sp iterates at two levels. In the first level,
the Sp equations are accelerated with high efficiency by the multigroup
S2 equations. However, the convergence rate of the multigroup Sp
equations can be also unacceptably slow. Then, the second step
accelerates the multigroup S2 equations convergence by a one-group (or
grey) S2 equation. By this procedure, one can obtain the implicit
radiation intensities with reasonable calculational resources.

In conclusion, our WDS discretization scheme anc the Sp-synthetic method
are highly effective for radiation transport calculations. In Fig. 2 the
results obtained for a Marshak wave benchmark problem proposed by
flcouffe et al. 6) are presented. The problem consists on a homogeneus
slab at initially 1eV with the temperature raising in the left boundary
up to 1KeV in 0.1 ns. From this picture, the excellent agreement with
the work of Alcouffe et al. 6) is noticeable.
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Figure 2.- Marshak wave propagation in a homogeneous slab with
o(v)=2.7 1010 (1-exp(-v/KT))/v3(cm-1) (v in KeV) and
pcy=8.1 109 erg. cm-3. ev-1.t

ONE-DIMENSIONAL SIMULATION OF LHAR TARGETS

During the last years the Institute of Laser Engineering (ILE) of Osaka
has been very active in the design and experimentation of Large High
Aspect Ratio Targets (LHART). The main idea was to obtain a very high
velocity (=108 cm/sec) which makes able to obtain a high neutron yield.
Preliminary proposals in this sense were made by Afanas‘'ev, 1) and the
first experimental results were conducted at ILE 12) but using a glass
microballoon without fuel. The actual experimental results have been
produced again in ILE and reported in the 11th Conference on Plasma
Physies and Controlled Nuclear Fusion in Kyoto 13), using in this case
fuel filled glass microballoon. In addition to the experimental results,
numerical simulations with the 1-D ILESTA-BG code were reported 13, 14),

The experiments were driven with GEKKO XII at green, delivering 13KJ
with a FWHM of 1Ins, and focusing conditions of f=3 lenses, and a
relation between the distance of the focusing point from the target
center (d) and initial radius of the target (R) of d/R = -5. The
imploded targets have had diameters in the range 700 < ¢ < 1500 um and
thickness 0.9 < AR < 2.5 pm which cover aspect ratios (AR) between 200
¢ AR < 700. The experimental and simulation results of the neutron yield
versus aspect ratio are plotted in figure 3.

From this figure 3 we conclude that only in a range between 400 and 500
of aspect ratios, the discrepancies between those results could be
considered minor ones (4 to {). But, for aspect ratios lower and higher
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Figure 3.- Neutron yield vs. aspect ratio

of that mentioned range the discrepancies appears to be dramatic in the
neutron yield. Some explanations have been reported 1"), for these large
discrepancies. It is explained the effect for lower aspect ratios due to
the dominant of stagnation dynamics which gives a larger number of
neutrons in simulation. That stagnation phase is supossed to be not
stable in experiments because of not good enough uniformity of GEKKO
XII. For higher aspect ratios two reasons are mentioned: poor modelling
of the electron conduction through the flux limited Spitzer conductivity
Wwith no consideration of non local heating, and the shell break-up due
to nonuniformity in laser intensity. It seems to be clear that these
hypothesis must be carefully analyzed in the future with the use of 2-D
modelling and perturbation codes.

The interesting physics explored with these targets, which arrived to a
gain of 0.2%, and the well possed conditions of the experiments,
diagnosis and simulations makes them particularly useful to give a
comparison and criticism of the 1-D numerical simulation codes, their
algorithms and involved physics. In tnat sense, some 1-D calculations
using our NORMA code have been performed using the mentioned
experiments. The main characteristics of the code are pointed out below,
and the simulations have beel. carried out with a description of the
target which includes 32 meshes for Si02 and 50 meshes for DT.
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The standard version of NORMA used for target calculations includes a 3T
model with implicit conduction solver and variable coefficients. EOS and
opacity data are from DENIM library (SESAME plus analytical calculations
whercver necessary). The energy source coming from laser deposition is
calculated with the ray-tracing package 15, 16). Absorption coefficients
model the collisional and resonant absorption. The attemps to reproduce
SRS and SBS have been rather a failure. In addition to that, when
tracking the ray path, linear intepolation is used. But, hydro codes use
a few zones for the coronal region (10 ~ 20) in 1D, and proportionally a
lesser number in 2D. Moreover, the gradient of the density is
discontinous. Parabolic interpolation cannot be used because it is
overdeterminated and gives oscillations. The cubic one is enough except
with strong density gradients. It 1is possible to design a general
monotonic interpolation 16) paying a high overhead time. In 2D, linear
interpolation lets follow only perturbations over 2-3 cells if the code
is not too dissipative. In this case absorption coefficients have to be
corrected (about 10%) because the density is rather exponential.

In addition to the results of NORMA code 17), some calculations have
been performed 18), and reported partially here using the ILE code
HISHO-1D 19) with the same simulation parameters than NORMA and using a
multigroup (50) description of the radiation transport.

Observing the neutron yield results, Fig. 3, the same tendency is given
for NORMA and ILESTA simulations except in the point of lower aspect
ratio. Two reasons could be argued for that: the different spatial
meshes description (40 SiQOp, 100 DT in ILESTA), and the different
radiation transport treatment. In the case of HISHO-1D the results show
discrepancies at lower and higher aspect ratios, but it was observed a
different absorption percentage of laser energy in every case to that of
ILESTA and NORMA, which are in good agreement.

The attention is now devoted to the implosion dynamic characteristic in
the case of closer coincidence among the experimental and simulation
results. This point is described in NORMA simulations as that of aspect
ratio = U470 in Table I. Internal pressure of DT gas is 6 atm. and
initial temperature in all the materials T = lev.

In Fig. U4, the absorption percentage efficiency versus time is
represented with a total value of 71.1% in good agreement with ILESTA
code which gives a 73% 14). In the case of HISHO-1D this absorption
percentage is = 56% as is pointed out in Table n.

When analyzing the neutron yield versus time, two different points must
be considered corresponding to the time when the first shock wave
collapse to the center, that can be considered as the starting of
stagnation phase, and the final implosion time. That difference is
important when the number coming out from experiments is compared 4)
In NORMA calculations those times correspond to = 2.2 ns and = 2.4 ns

—108—




TABLE . Configurations selected for NORMA simulation of the LHAR Targets

ASPECT RATIO EXTERNAL RADIUS THICKNESS 5102
R/AR (pm) (ym)
300 619.56 2.058
400 619.04 1.543
470 618.81 1.310
600 618.53 1.030
00 . . ~ —
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Figure 4.- Absorption efficiency vs. time, and spatial profile of
energy deposition and critical density

whose spatial hydrodynamic (T,p) descriptions are presented in Figures
5.a and 5.b.

In comparing the ionic temperature from the weighted areal emission rate
(not average) of the first time with that of the experiments and ILESTA
simulation 13, 14), it is observed an almost good agreement, = 9 KeV.
Well understood that the time when {t is produced has a slightly
difference of = 0.2 ns. This shift in time is also consequently
observed in the final implosion time. Minor differences are noted in the
pR values when comparing with the experimental points and ILE simulation
curves, and larger in the average density (p). If the neutron yield is
compared for that AR between the experimental and the NORMA results, we
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TABLE 1i. NORMA-1D and HISHO-1D comparison for the main interaction
and average hydrodinamic values (AR = 470)

NORMA-1D HISHO-1D
(DENIM) (ILE)

# Input energy (KJ) 13 13

Absorbed energy (KJ) 9.15 7.2

Radiation out (KJ) 1.15 —

Implosion time (ns) 2.4 2.4

na (%) (AR 56.17

nu (%) 10.85 14.18

ne (%) 7.7 4.37

# Max. average ionic T. (KeV) 3.76 3.87

tine (ns) 2.29 2.28

average electronic T (KeV) 1.92 2.71%

density (g/cm3) 0.52 0.56

PR (mg/cm2) 3.85 3.45

# Max. average density (g/cm3) 0.95 1.31

time {(ns) 2.4 2.4

average ionic T (KeV) 2.94 2.54

average electronic T (KeV) 2.02 1.97

PR (mg/cme) 7.56 6.921

# Max. average pR (mg/cm?) 7.56 9.22

time (ns) 2.4 2.36

average ionic T (KeV) 2.94 3.28

average electronic T (KeV) 2.02 2.30

density (g/cm3) 0.95 1.16
obtain the following values Yy(exp) = 9x1012 and Yy(simulation) =

8x1072, The total number of neutrons is 1.88x1013 when the final
implosion occurs which 1is larger than the experimental result and
slightly lower than ILESTA calculations.

It can be concluded that a good agreement is generally obtained among
the numerical simulations of ILESTA and NORMA codes, specially in the
range of AR closer to the experimental ones. Slightly differences are
found in average results between NORMA and HISHO-1D, but these
similarities under a different laser absorption should be explained in
the future. The comparison with the available experimental data for the
AR of maximum neutron yield show an acceptable agreement in the
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spatial profiles at:

(a) t=2.26 ns (after first shock collapses to the center)
(b) t=2.41 ns (implosion time)

implosion dynamic parameters that need a deeply analysis when other
physics mechanisms are included in the code (NLTE atomic physies, ...).
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NUMERICAL ANALYSIS OF TARGET IMPLOSION IN LI1B ICF
Yukio MASUBUCHI and Shigeo KAWATA

The Technological University of Nagaoka

Nagaoka, Niigata 940-21, Japan

Abstract

The paper presents the numerical analysis for the target
implosion using uniform and non-uniform beams. In the analvsis
we assume very simple model and wuse the 2-dimensional
hydrodynamic code called HALLEY,

1. Introduction
The implosion of a spherical target for inertial confinement

1,2) In

fusion(lCF) has been investigated for the light ion beam.
order to achieve a high target gain, it if necessary to realize
the spherically symmetric implosion. Up to the present there arc
some reports3_6) for the implosion simulation. A few worksg‘b)
on the symmetric target implousion suggest that the non-uniformity
of the implosion pressure must be suppressed under 1-47. But the
requirements for the uniformity of the target implosion is not
clear at the present stage. To clear this problem, the target

implosion is simulated in this paper as the first stage.

2. HALLEY Code

The code using in this calculation is based on HALLEY code
developed by Prof. Niu laboratory at Tokyo Insutitute of Technol-
ogy. This code uses the r-8 polar coodinate and the MEL(Mixed
Eulerian Lagrangian) method.’)

The basic equations are follows,
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F) -
-5%- —v-up (1)
.lggﬁ_). -V-T(pE) - VP (2)

a(ge) = -V-d(pe) - V-(PI) + S; . (3)

where p is the density, P the plessure, e the internal energy,
Sg the sink energy and Ui the vector of the fluid velocity. These
basic equations can be represented by the following cell equa-
tions,
—~—m= —| dS<(u-w)p
dt s (4)
&5 . e - .
—_——= -J dS-(u-w)(pu) -| dS:P
dt N g (3)

%- —Jsds-(ﬁ—i)(oe) —JVdV-PV-E +jstdv_ (6)

where W is the vector of the mesh velocity and 3 is the vector of
the normal direction. The target region is devided by the mesh
and it is assumed that the meshes in the 8 direction are the
Euler meshes and in the r direction are the Lagrange meshes.
The Lagrange meshes move with the fluid. Namely th.y need the

following condition (Lagrange condition):
dS-(u-w) = 0 . (7)

The Euler meshes do not move. So they need the following condi-

tion (Euler condition):
wa=0, (8)
3. Simulation Model

For the very simple model we assume several physical

phenomena, that is the ideal EOS (equation of state), no radia-
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tion, and no heat conduction., By way of example we use the pellet
showing in Fig.l. The Mesh structure is shown in Table 1. The
init.al condition of the pellet is presented in Table 2. The In-
cideat bean is perpendicular to the spherical surface (Fig.l).
Table 3 shows beam values. The energy of the coming beam in-
creases power in the manner shown in Fig.2., The rising time is

15[{nsec] and the duration time is 40[nsec] for this beam pulse.

4, Simulation Results

At first we show the results of the simulation using the
uniform beam. Figure 3 shows the stream lines. The void closure
time is 57.9[nsec]. From now on, we explain about four stages
which are indicated in Fig.3. From the biginning they present

the initial state, the middle ¢f implosion, the void closure

Table 1. The mesh structure Table 3. The beam parameter values

Number of cell .Species Proton

.One particle energy 8 [Mev]

8 direction .... 29 .Beam velocity 3.9x10" [m/sc<]
r direction .... 30 .Total energy 2 [MJ]
. Pb layer ... 5 .Duration time 40 [nsec]
Al layer ...15 .Rising time 15 [nsec]

DT layer ...10

Table 2. The initial condition

Layer Atomic weight Thickness[mm] pl[kg/m Tlkev]

Pb 207.2 0.030 1.134x10"  1.0x10*
Al 27.0 0.135 2.690x10° 1.0x10"
DT 2.5 0.160 1.870x10* 1.0x10*
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and the expansion stages.

Figure 4 shows the implosion pattern. The grayish zone is
the D-T layer. Figure 5 is the density profile. At the middle
of implosion the density of the outer D-T layer is higher than
that of the inner layer. At the void closure the density of the
D-T layer is about 100 times as much as the initial state. When
the pellet expands, the density becomes flat.

This simulation of the uniform beam is no more than the
check of this code, The essential matter is to examine the in-
fluence of the non-uniform beam. We use very simple method shown
in Fig.5 in order to introduce the non-uniform beam. The beam
number density changes by a cosine curve. The amplitude of the
non-uniformity are 0.2%7 and 0.5%. Figure 6 shows the stream
lines. These lines indicate maximum position in the same number
mesh of 8 direction. One of the innermost D-T meshes reaches at
the center of the target at 58.0[nsec] and 58.7[nsec] respec-
tively in these two cases. We assume this time to the void
closure time. We show about four stages indicated in Fig.6 at
the case of the 0.27 non-uniformity. Figure 7 shows the implosion
pattern and Figure 8 shows the density profile. At the middle of
the implosion, it is hard to see the non-uniformity. At the
void closure and the expansion states, we can find a little non-
uniformity. But there are so much influence of non-uniform beam.

Table 4 shows the degree of this influence, that is the ratio of

Table 4. The degree of the influence

Non-uniformity 0.2% 0.5%

Density 29.0% 32.4%

Temperature 12,92 13.6%

Radius 23.7% 26.0%

oR 27.0%2 29.1%
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maximum and minimum physical values at innermost D-T layer
meshes. Up to the present there is a researchs) of the influence
non-uniformity after the void closure time using the 3-
dimensional implosion code. We connect this result with its ~e-
search. Its result indicates that maximum eR is 27.0% and 2¢.1%
decrease respectively in these two cases. It is clear that just
the little non-uniformity of beam have fairly influence un ©F,

temperature, density, radius and so on.

5. Conclusions

This report uses very simple model of physical phenomena. At
the present it is underway to include some physical phenomena
which are thermal conductivity, two temperature and the realistic
EOS. We include more real phenomena.

Another future ploblem is to find how we can smoothe the

non-uniformity.
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Pusherless Implosion, Pulse Tailoring and Ignition Scaling Law

for Laser Fusion

K. Mima, H. Takabe and S. Nakai
Institute of Laser Engineering, Osaka University, Suita, Osaka 565 Japan

Abstract

The conventional implosion scheme for high gain and high density
compression depends upon piston action of an accelerated heavy pusher.
However, the contact surface between the pusher and the fuel layer is very
unstable in the stagnation phase. In this report, the laser pulse tailoring and
the scaling laws for pellet gain, fuel pR and so on are discussed under the
condition of very weak piston action of the pusher. The scaling laws indicate

that the fuel will be ignited by 100kd, 0.35pm wavelength laser irradiation.

1. Introduction

In the conventional implosion scheme, a heavy pusher is ablatively
accelerated together with a fuel Iayer. Since the pusher mass density is much
higher than the DT fuel density, the accelerated pusher has higher energy
density than the fuel layer, which generates a very high pressure at the pellet
center. Therefore, the fuel is expected to be highly compressed by piston
action of the pusher. However, the contact surface between the pusher and
the fuel layer is strongly unstable in the stagnation phase.!~? Therefore, it is
very difficult to compress the fuel to a very high pressure by the pusher
stagnation.

Let perturbations of the contact surface grow as exf) , where ['is

t
[far
[

the growth rate which is approximated by Vkg. The wavenumber, k and the

acceleration, g increase as f/r and 1/r® respectively according to self-similar
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analysis for adiabatic compression and a fixed mode number, €. Therefore, I'
increases as 1/r? and the perturbations grow explosively when the contact
surface converges.” As the results, the contact surface will be highly
distorted and the pusher kinetic energy will not be converted into the fuel
internal energy. Therefore, the hydrodynamic energy has to be accumulated
in the fuel shell instead of the pusher. In that case, the contact surface
instability will not be serious for compression and heating of the fuel.

Recently, a new target fabrication technique, namely a foam cryogenic
target has been proposed to fabricate a thick DT shell target. The DT shell
thickness of the foam cryogenic target can be thick enough for constructing
both of the ablator-pusher and the fuel layer. Since the foam cryogenic shell
density, 0.2g/cm? is significantly lower than those of the other solid materials,
the laser ablation pressure generates a very strong shock wave to cause the
shell disassembly when the ablation pressure rises up rapidly. Therefore, it is
necessary to shape the laser pulse carefully for pressure pulse tailoring.4~®

In this paper, we report theory and simulation studies on the pusherless
implosion hydrodynamic and discuss the realistic scaling laws for designing

anignition target.

2. Contact Surface Stability

Let us consider the stability of the contact surface at r=r¢ in a typical
density profile of a stagnating plasma as shown in Fig. 1. The stagnation
process is well described by a self-similar solution in which temporal

evolutions of density and pressure are given by 1'?

p(r.t) = po(rf/DIf/AL)]?,
and P(r,t) = Po(rfo/DIf/f1)]?, (1)




respectively, where p,(r)) and P(r)) are the initial density and pressure

profiles respectively, f,= fit,) and
flty=[1+ (W) 12, (2)

Here, we assume that the stagnation starts at t=-t, and the maximum
compression occurs at t=0. The maximum compression ratio by the
stagnation is given by [1 +(t,/t)*}*? and the initial implosion velocity, v, of the

contact surface is related to r¢, t, and t by,
Vo= rety/(v2+t,2). 3)

Preturbations of the spherical harmonics, £=10, 20 and 40 are added on
the contact surface. The temporal evolutions of the perturbations are
analytically calculated.

The analytical results are shown in Fig. 2.3 In this case, the volume
compression is suppoued to be 70 which corresponds to f;=4.12 and t,=-4t.

The growth rates of Fig. 2 are well approximated by

\/pp— p[
pp+ Pr

P —p,
kg=V 2—Leny?, @)
p+pf

where we used the relations

k=€/r==£f/(rch),
and g =Idr/dt? = ro/(Cf ). (5)
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Namely, the growth rate increases in proportion to 1/r2. Therefore, when the

Attwood number, z” :‘;f is order unity, the surface distortions rre amplified
strongly when the copmp;ession ratio is more than 10 in the stagnation phase.
This concludes that the fuel should be compressed without piston action of the
pusher.

As for the stability of an actual DT gas filled GMB (glass micro balloon),
the linearized equations for the perturbations have been investigated
numerically by a simulation code ‘ILESTA’ which consists of 1D implosion
hydrodynamic code and the perturbation code.”

The r-t diagrams of 1-D simulations and the temporal evolutions of the
perturbations on the contact surface are shown in figures 3(a), (b) and 4(a), (h)
respectively. The initial aspecto ratios of the glass shell are 450 and 340 for
Figs. 3(a) and 4(a) (Case 1) and Figs. 3(b) and 4(b) (Case 2) respectively. In
the case 1, the glass shell is almost burned through and the glass shell density
is significantly reduced by the ablation. However, the glass shell for the case
2 is a little thicker than the ablation depth for the present laser and target
parameters. Therefore, the high density pusher layer remains to stagnate at
the center. As the results, P,/ p,for the case 2 is significantly greater than that
for the case 1. Actually, at the time when the first reflection shock from the
target center hits the inner surface of the imploding S;03 pusher, p,/prare less
than unity for the case 1, namely, the Attwood number is negative. On the
other hand, pp/pris greater than unity for the case 2.

Therefore, the perturbations grow strongly in the stagnation phase in Fig
4(b), while they do not grow in Fig. 4(a). In Figs. 4, the perturbations are
generated by the laser irradiation nonuniformity, 6Ij, and the amplitudes,
{r/Rg and { | /Rg are the radial and the transverse displacements of the fluid
element due to perturbation respectively. They are normolized by I181;/ILI.

Therefore, the Fig. 4(a) indicates that the contact surface rippling amplitude
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grows to 10 percents of the initial target radius, Ko for 181 /11,1 =0.1. Since the
minimum radius of the contact surface is about 0.15 R, in Fig. 3(a), the case 1
implosion seems not to be affected much by the irradiation nonuniformity.
On the other hand, the final perturbation amplitude in the case 2 is larger
than Rg even if a very uniform irradiation is assumed, say, 1811/11,1<0.01.
This amplitude is greater than the ten times of the conlact surface radius at
the maximum compression. Namely, the case 2 implosion can never be
described by the one dimensional simulation. Actually, the experimental
neutron yields for the case 2 type targets are always lower by one or two
orders of magnitude than the simulation yields. On the other hand, the
experimental neutron yields of the case 1 type targets agree reasonably well

with the simulation results.®’

3. Pusherless Implosion and Pulse Tailoring

According to the previous discussions, the plastic or the S;Og ablator has to
be thin enough to be burned through. In particular, when there is no high 2
ablator layer, the ablation pressure directly drives a strong shock wave in the
fuel layer. Therefore, the shock heating is too strong to compress the fuel to
high density, when the laser pulse is gaussian. In the Figs. 5(a) and (b), r-t
diagrams for a gaussian pulse and a tailored pulse implosions are compared,
where the target has no layer other than a foam cryogenic fuel layer and the
total input laser energy is 100kJ. The tailored pulse is assumed to consist of
four stacked gaussian pulses and the prepulse intensity is set to be one fifth of
the main pulse. The propagation velocity of a rare faction wave on the inner
surface is sufficiently small for the tailored pulse in comparison with that for
the single gaussian pulse. Actually, the propagation velocities are
2X 107cm/sec and 5X 107cm/sec for the tailored and gaussian pulses

respectively. Namely, the shock front pressure on the rear suiface for the
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tailored pulse is 1/6 of that for the gaussian pulse. Note that a high Z ablator
layer moderates the first shock and the pulse teiloring is not necessarily
required. Since pR has to be greater than 0.3g/cm- for ignition, the high
density compression, say, more than 1000 times solid density is required for
laser energy less than 100kJ. Therefore, the pulse tailoring is invevitable for
ignition experiments when the cryogenic foam target is applied.

After the imploded fuel shell collapses at the center, the fuel is compressed
only by the reflection shock. Since the compression ratio by the Guderley

shock? is 33, we can assume the final fuel density, pfinal to be

Pfinal = Pacc X33, (6)
where pgcc is the density compressed by the pulse tailoring. After the first
shock passes through the fuel shell, the density, p and the pressure, P are
given by

Pshock = 4ppyand P = Pp (7
where p;,,. is the solid density and Pp is the ablation pressure generated by the
prepulse. Using the adiabatic relation, pxP%%, the density during the
acceleration is given by

Pace = 4ppr (Pmax/Pp)*$ (8)

Using the empirical scaling law, Px12/3, we obtain

Paee = 4pp (Imax/1p)®4 9
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where Imax and Ip are the maximum and prepulse absorbed laser intensities
respectively.

When we require pfina} > 103 X solid DT density, pacc has to be greater than
30 pyy. Namely, Imax/Ip > 150. Even if we take into account the spherical
convergence effects of the ablation surface, the maximum input laser power
has to be more than 50 times of the prepulse power.

Since the low power and long pulse irradiation causes the various fluid and
plasina instabilities, it is better to set the prepulse power as high as possible.
For that purpose, we investigate effects of the ablator layer of which density is
sufficiently higher than the DT solid density, 0.2g/cm3. The ablator layer is
regarded as a piston which drives a shock in the fuel. This situation is
essentially the same as that for the DT gas filled GMB. Namely, a rare
faction wave on the ablator rear surface reduces the contact surface pressure.
When the ablator layer velocity is v, the pressure behind the shock, Py is
given by

p= 3 Por¥% - a0
for a strong shock. The piston is accelerated by the ablation pressure as

follows,

dVO Pp

FERATS

. 1y
effec.

Here, (pAr)effec. is the effective area mass density which increases from
(pAr)abl- to (pAr)abi. + (pAr),,, where (pAr)ap) and {pAr),,; are the ablator and
fuel area mass density. We approximate (pAr)efrec. by the constant,

(pAr)apl. +0.5(pAr),,,. Integration of Eq. (11) yields 34ry, /4 =gt%2, where




e

aatiee.

Ary, is the fuel layer thickness. Note that the ablator-fuei contact surface
traverses 3Ar;,/4, when the shock front reaches the rear side of the fuel layer.

Since the piston velocity is given by gts, Eq. (11) and ts=(3Ary/2¢)"?
yield,

_ ?_ PpArDT V2
° 2(pAr) ,, +0.5(pdr)

v a2)

Let the ablator be plastic (CH) and the density and the thickness be p,,
and Ar, respectively. The equations (10) and (12) yield the shock pressure,

2p
P = or DT

(13)

Since the hydrodynamic efficiency is maximum, when p;, Ar., =
0.8(pcyArcy + Pprlrpg), Eq. (13) yields Ps=0.4P,. This reduces the intensity
ratio, [;pax/Ip from 150 to 40.

4. Simulations for Ignition Experiments

We discuss the possibility of igniting fusion burn by using a foam
cryogenic target covered with a high density ablator. As we discussed in the
previous section, the high density ablator relaxes the pulse tailoring
condition. By the implosion .simulations, it turns out that a gaussian pulse of
100kJ and an appropriate pulse width is good enough for high compression to
increase pr to more than 0.3g/cm?.

In order to see the laser energy dependence of the pellet gain, we scale the
target radius and the thickness as follows. The specific laser energy which is
defined by,

[Total Laser Energy ; E1]/[Total Target Mass]
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1S required w be constant. Furthermore, aspect ratios are determined by
maximizing the hydrodynamic efficiency. In the present simulation, the
aspect ratio is kept constant. Therefore, the total target mass is proportional
to Rg® (Ro; target radius) and Rg=E1,'3. The simulation results for the above
target scaling show that the maximum fuel pR, the neutron yield and the
pellet gain are proportional to EL'?, E|,*3 and EL'® respectively, before the
ignition. After the ignition, Yy and the pellet gain are proportional to E|?
and E, respectively because of the alpha-particle heating. In Fig. 6, the laser
energy dependences of T and pR are shown, where T; and Tj¢ are the main
fuel and the central spark ion temperatures respectively. The broken lines
which indicate the cases without alpha-particle heating separate from the
solid lines around 50~100kdJ. This indicates that the fusion burn is ignited
around this range of laser energy. Finally, a typical exmaple of target and

laser parameters and the implosion results is summarized in the table 1.
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Table 1. Anexample of ignition

Target Parameters Laser Parameters
Diameter 1 mm Total Energy 100 kJ
CH Shell 12 pm Wavelength 0.35 pm

Thickness
Pulse Width 2 ns
DT Thickness 9.4 pm (FWHM)

Simulation Results

Neutron Yield 1017 Total pR 0.8 g/em?
Spark pR 0.5 g/cm?
Gain 3
maximum density
Hydrodynamic 7% Spark 200 g/cm?®
Efficiency Cold Fuel 600 g/cm?
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Efficient Shell Implosion and Target Design

M.Murakami, K.Nishihara, and H,Takabe

Institute of Laser Engineering, Osaka University

2-6, Yamada-Oka, Suita, Osaka, 565, Japan

I, INTRODUCTION

The optimization of the laser and thermonuclear
target system is of great interest in inertial confinment
fusion (ICF). Spherical compressions have crucial problems
such as the Rayleigh-Taylor (R-T) instability or fuel+pusher
mixing at stagnation phase. Recently, by careful choice of
the implosion mode, neutron yields as high as 1013 have been
achieved at Institute of Laser Engineering (ILE), Osaka
University, by using the twelve-beam green GEKKO XII

1)

laser™ ', In the experiments, large-high-aspect-ratio
targetsl-a) (LHART) were used so that the stagnation phase
is less important for neutron production. Thus, the optimum
aspect ratio is one of key variables in the design of ICF
pellet.

In Sec.II, we show that the coupling efficiency is
essentially a function of the aspect ratio. Then, in
Sec.III, we develop a simple model to estimate plasma
parameters at peak compression, and show its validity by
comparing with a large amount of experimental data.

In Sec.IV, we discuss how nonuniformities of absorption
and/or shell thickness affect the neutron production. 1In
Sec.V, a scaling for an optimum initial radius versus the
laser energy is derived, In Sec.VI,we show the comparison
between the theory and experiments for CD shell targets,
Sec.VII is devoted to a summary.

Thus a main point of this paper is chat the model
analysis leads to a simple, qualitative, physical picture of
ablative implosions of high-aspect-ratio targets. The

theoretical understanding of these implosions has been
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obtained mainly from many expensive numerical simulations.
Therefore, the simple analytic modeling presented here may
be used to assess scaling behavior based on experiments and
simulations. The detailed simulation results will be

discussed elsevhere.

II. SIMPLE MODEL FOR ABLATIVE IMPLOSION

Tc increase neutron yield, required is a target design
leading to a maximum coupling efficiency," which is
composed of absorption, hydrodynamic, and transfer
efficiencies. In this section, we show that these
efficiencies are predominantly controlled by the aspect

ratio.

A. HYDRODYNAMIC EFFICIENCY

When we assume a constant mass ablation rate and a
constant ablation velocity, the implosion dynamics of a

spherical shell, such as the implosion velocity, is found to

be determined only by the implosion parameter given by5’6)

1 p._. R
a= — =3 0 (1)

X Py AR

where y = Pa/PC_J (Pa: ablation pressure, PC-J: pressure at

the Chapman-Jouguet (C-J) point) is a constant, and Paoy and
Py are the mass density at the C-J point and that of initial
state, and RO/ARO the initial aspect ratio. Pe-g
taken as the critical density in use of 0.53um-light (0.013

can be
*

g/cm3) and ¥ = 1.4, which are confirmed by the simulations,

* In use of shorter wavelength laser than 0.53um, DC—J
becomes less than the critical density, since the bulk of
laser energy will be absorbed by underdense plasma before

the laser light reaches the critical poinwu.
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Although the mass ablation ratq and ablation velocity are
not always constant, this simple modeling dces not, as a
rule, alter the gualitative picture of the ablative
implosion dynamics. Moreover, the hydrodynamic and transfer
efficiencies intrinsically depend on the total exhaust mass
rather than the time history of the mass ablation rate and
ablation velocity. When the shell reaches the center,
unablated mass normalized by the initial mass, M = H/Mo, is
obtained by the implosion parameter through the following
eguation,

-

M(1 - 1lnM) =1 - a/3 . (2)

The hydrodynamic efficiency, which is a fraction of absorbed

energy converted into the kinetic energy of the shell, is

then given by6)

(172)x% M 1n?
n = -~ ~ ~ 9 (3)
Pox®-x ¢+ 3+ 22 /mam + (x? - x)MLnM

~ ~

where AM = 1 ~ M, and 221H/3T represents ionization loss of
ablated plasma (2: ionization state, IH: ionization energy
of a hydrogen atom, T: temperature behind the C-J point).
Numerical simulations for glass microballoon (GMB) targets
in use of 0.53um-light show that the analytic formulation,
eq.(3), with a value of 221H/3T = 2 excellently reproduces
the simulation results. Thus, with those values mentioned
above, eqs.(1),(2) and (3) are reduced to the following

expressions:




M(1 - 1nM) =1 - —— — (4)

and

MlnzM
n, = . (5)

5S.7AM + 0,.57M1nM

Eqs.(4) and (5) show that the hydrodynamic efficiency is a

function of the aspect ratio.

B, TRANSFER EFFICIENCY

The transfer efficiency, which is a fraction of the
shell kinetic energy converted into the thermal energy of
the fuel, can also be expressed by the aspect ratio as
follows. At peak compression, the kinetic energy of an

imploding shell, E is assumed to be all converted into

’
thermal energy of SZth the shell and the fuel. In such
stage, reflected weak shock waves within unablated matter
smooth out the pressure profile to a constant P, to mass
density of the shell ps, and the fuel Pg- Then, the energy

conservation law leads to

B, = (M/ps + Mf/pf)P/(Y - 1),

where Y (=5/3) is the specific heats ratio and Mf =
3 . R
opfo (pfo is the initial

mass density.of the fuel). Further, due to the thermal

(4m/3)R is the constant fuel mass
conduction, the plasma temperatures of the fuel and the
pusher are of the same order of magnitude. We can then
simply assume that the number densities of them are the
am i.e. =

same, i.e.,, pS/pf As/Af, where As and Af denote the
average mass number of the shell and the fuel. The transf.r

efficiency is therefore given by




|

- Melos L N il (6)
Ne - — D,
Mo * Melog Peo Bs Ro

where the relation, MO = 4nRgAROpO, was used. As a result,
when using a GMB target and DT fuel (AS/Af=8) with the
initial pressure Peo (atm) at room temperature, eqg.(6) is
reduced to

Ne = {4.7x103M(pfORO/AR0)'1 T (7)
Thus, the transfer efficiency is also a function of the
aspect ratio (see eqg.(4)).

Figure 1 shows the hydrodynamic and transfer
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':Is"1 Hydrodynamic and transfer efficiencies and shell mass at

maximum compression as functions of the aspect ratio for a
green laser and a glass microballoon target filled with a DT
gas fuel of 5 atm pressure.
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efficiencies and normalized exhaust mass as a function of
the aspect ratio obtained from eqs.(4),(5) and (7), where
pf0=Satm is used for the transfer efficiency. As can be
seen in Fig.l, the transfer efficiency and the exhaust mass
increase with the aspect ratio, while the hydrodynamic
efficiency has a peak value of 12 &% at ROIARO = 350 and

AM/Mo = 0.77.

C. COUPLING EFFICIENCY AND ION TEMPERATURE

The coupling efficiency nge which is a fraction of
the input energy EL converted into the thermal energy of the

fuel, is defined as

Ne ~ NalnNg * (8)

where Na is an absorption efficiency and has values of 50-70
% in use of 0.53um-1ight3). Thus, we easily find that the
coupling efficiency is a function of the aspect ratio from
eqs.(4)-(8).'*

** In ref.l, the coupling efficiency is given in a form: p

« Mf/MT (Mf=(4"/3)R is the fuel mass, and MT=M =4mMR

3 2
0 Pro o o fo
is the target mass). It has the same proportionality as
eq.(8) in a limited case as follows. Since the hydrodynamic
efficiency little depends on the aspect ratio (200<R0/AR0<
500, see Fig.l}in our model, the coupling efficiency changes
with the transfer efficiency when the absorption efficiency
is constant. Therefore, the coupling efficiency, eq.(7),
can be expressed, when the aspect ratio is relatively low,
as n, « g « ﬁ-lpfoRo/ARo « ﬁ~1Mf/MO.

Plasma temperature averaged over the ions and electrons of

the fuel is then calculated with the coupling efficiency as
T = ncEL/BNO ’ (9)

where NO = Mf/UDT (uDT is the average DT atomic mass) is the




P

total ion number of the fuel.

Figqures 2(a) and (b) show the coupling efficiency
and ion temperature, thus obtained, as a function of the
aspect ratio; the dashed-dotted, solid and dashed lines
correspond to the gas pressures of 3, 5 and 10 atm,
respectively (these notations are the same for the figures
shown below). For the theory, in Fig.2(a), the fixed
parameter is only the absorption efficiency, Na = 0.653in
addition, in Fig.2(b), EL=10kJ and RO=O.5mm are used. Solid
circles represent various experimental results obtained at
ILE; the targets were DT gas-filled GMB with aspect ratios
of 110-625, diameters of 0.70-1.5 mm, gas pressures of 2-13
atm; the laser outputs at 0.53;m in Gaussian pulse were 6-15
kJ in 1 ns. 1In the experiments, the jon temperatures were
measured by the method of neutron time of flight. The energy
balance among the beams was within 5% deviation. The
targets were dodecahedrally irradiated with F/3 lenses under
a focusing condition of D/R0 = -5, where D is the
displacement of the focal point from the target center. The
sphericity and wall nonuniformity of the targets were better
than 1% and 5%, respectively. 1In Figs.2(a) and (b), the
analytic lines reproduce well the experimental results as an
envelope line. The maximum coupling efficiency by the
theory is obtained with aspect ratio of 450-550 at
corresponding values of gas pressure of 10-~3 atm. It should
be noted here that ion temperature in the hot core, after
the collapse of a convergent shock, is appreciably higher
than that of electron; this is due to the difference of
thermal conductivity between them, Simulation results show
that the ion temperature is roughly twice the electron
temperaturel). Therefore, when taking account of Ti = 2Te,
the ion temperatures in Fig.2(b) (lines) are higher than
those obtained by eq.(9) by 4/3-fold.

III. PLASMA PARAMETERS AT PEAK COMPRESSION

In contrast with the coupling efficiency and ion

- temperature, plasma parameters at peak compression such as
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Fig.2(a)

Fig.2(b)
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Experimental target coupling efficiencies (dotts) estimated
from measured ion temperatures (Fig.B8) Analytical values
are calculated with the assumption of n_=0.65. The solid
line is for P_ =5 atm, the dotted line for 10atm and
dash-dotted iine for 3 atm.
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Ton temperatures {(dotts) observed from neutron time of
flight measurements versus target aspect ratios for the
LHART. Analytical values (lines) are estimated from the
coupling efficiencies and the assumptions of T =2T , E =10kJ
and R =500pm with various initial DT fuel pres%ureg, solid
line for Pf0=5 atm, dotted line 10 atm and dash-dotted line
3 atm.
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fuel 0 and oR and resultant neutron yield, remarkably depend
on a compression scheme. Recent experiments performed at
ILE have demonstrated that high neutron yields can be
achieved by using very thin high-aspect-ratio targets; the
first half of a Gaussian pulse is utilized as a tailored
pulse, which synchronizes well with the shell implosion. In
the following, we develop a simple model to estimate the
plasma parameters, which are produced at peak compression as
a result of successive weak shocks and sequential adiabatic
compression. It is shown schematically in Fig.3. The solid
line is the shell/fuel contact surface. The dotted line
shows how the shock wave is transmitted inQF the fuel, and
collapses at t = tl’ In our interesting case, with those
target and laser parameters mentioned earlier, a reflected
shock wave will not be formed after the collapse of the
convergent shock. This is due to ion-preheating of the

7 .
fuel )1the ion mean free path becomes comparable to the size

RADIUS

TIME
Fig.3

A schematic picture of ablative implosion of a
high-aspect-ratio target. The solid line is the
fuel/pusher contact surface. The dotted line shows how

the shock wave is transmitted in the fue).
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of the compressed fuel,. Thus, we can assume that the fuel
is adiabatically compressed from t = t1 to tm (peak
compression). When the ion mean free path becomes much
shorter than the fuel core size, we must interpolate another
compression process including the reflected shock wave .

By following the scaling law of the absorption
8)

efficiency, the absorbed intensity Ia is expressed as
Ia = naI = (0.9 =~ 0.510g10114)1 ' (10a)
and
2
I PL/4"R0 . (10b)

where I is the irradiated laser intensity, PL the peak laser

14
power, and the subscript "14" denotes normalization by 10

w/cmz. The mass ablation rate m is also given by the

9
scaling law experimentally obtained for 0.53um—1ight'),

. 5 0.5 2
m 4.5x10 Ial4 (g/cm”.s) . (11)
The ablation pressure Pa is related to the mass ablation

. o _ 2
rate by the relations, and Pa = XpC—Ju . where u

Pc-ghe
is the ablation velocity, and X is a scaling factor as

mentioned previously and x=1.4. We can thus obtain
P o= yiZ/ (12)
a X Pc-g *

After the shell passes around the one third of its initial
radius, it almost finishes the mass ablation and reaches an

imploding velocity,
vV = yulnM . (13)

At t =t the pressure of shock-compressed fuel P induced

1’ 1’
by the imploding shell with the velocity V, is estimated

with the aid of egs.(12) and (13):

2
Pyo= ((y *+ 1)/2} p oV
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)P 1nZM (14)

190 o/ c-5""a .
The fuel density at t = tl'

~

P1 ~PPfO * (15)

depends much on the way how the shell is accelerated by the
tailored pulse (;1 is the dens}ty compression rate), and
simulation results have shown Py = 30 in the regime
concerned. Thus, the temperature T1 at t = tl averaged
over the electrons and ions is given with the aid of

eqs.(14) and (15) by

[

~ -1 o2~
0.19(Pa/1Mbar)p1 In"M (keV), (1l6)

We note here that the temperature of eq.(16) does not depend
on the initial gas pressure.

As mentioned before, the adiabatic compression
follows the shock compression leading to the maximum
density at t = tm'

- 3/2
bm = 01 neEL/3N T 0 (17)

Consequently, we can evaluate the neutron yield,

<
]

3 2
(4"/3)Rm(nm/2) <gV>R /dc_

-9 4/3 -1/2
2.0x10 nmN0 <gv>Ti ' (18)

= - 1/3
where n. = pm/uDT' and Rm = Ro(pfo/pm) is the core

radius; <gv> and c, are Maxwellian-averaged fusion reaction
rate and the sonic speed at t = tm (cgs wunits), as a
function of the ion temperature (keV), respectively. Here,

we postulated the relation, Ti = 2Te = (4/3)T (see eq.(9)).




-

Figures 4(a), (b) and (c) show the comparison
between the theory and the experiments for the neutron
yield, and fuel o and pky fuel pR were measured from x-ray
pinhole image, and then p were estimated with the pR values
by the mass conservation assumption. Fixed parameters {9r
the theory are Ro = 0.5 mm, EL = 10 kJ, PL = 10 TW, and p1 =
30. The solid circles represent the experimental results,
of which laser and target conditions are the same as those
depicted in Figs.2(a) and (b). In paticular, Fig.4(a)
includes the neutron yields obtained by the simulations as
open circles, and shows fairly good agreement with the
analytic estimation. In the model, the maximum neutron
yields are obtained at RO/ARo n 400, and this figure agrees

well with the experimental results.

IV. NONUNIFORMITY AND REDUCTION OF NEUTRON_ YIELD

As can be seen in Fig.4(a), the absolute values of
neutron yields obtained by the experiments are much smaller
than those of the theory and simulations., This is probably
because the R-T instability and/or fueltpusher mixing during
the deceleration phase from t = t:1 to tm lead to a drastic
reduction of neutron yield, In the following, we evaluate
the reduction of neutron yield due to the R-T instability
during the deceleration phase.

Hattori et al.lo) studied the R-T instability on the
fuel/pusher contac. surrace by modeling the stagnation
dynamics with the self-similar motion, and the R-T

instability is found to grow as (y = 5/3),

60f exp(ul/z(“/Z - arcsin £)} , (19a)

(=]
n

and

e et s D2, (19b)

where 8o and g are the perturbation amplitude of the contact
surface at t = tl and the mode number, respectively. 1In
addition, f represents the reciprocal of radial compression

rate,
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= - 1/2
£ = Rm/R1 = (3NoTlﬁ\cEL) ’ (20)

where R, and Rm are the shell radius at t = tl and tm.

1
Moreover, we can relate the amplitude, § to the wall

OI
nonuniformity of the shell at initial state, d/ARO, and/or
the laser absorption, AIa/Ia' With the aid of eqg,(11), the

nonuniformity ¢ is expressed as
g = A/ARy = AWM/R = O0.5AT_/T_ . (21)

We consider that the nonuniform acceleration of the shell,
which is induced by the nonuniformities of wall thickness
and/or of absorption, results in the amplitude 60.
Therefore, 60 can be a function of the aspect ratio and the
nonuniformity g3 50 is numerically calculated by solving the
rocket equation, By assuming that the neutrons are
effectively generated inside of the mixing layer (the width
of which can be taken to be §/2), we obtain the effective

neutron yield in the form;
v (ef£)/¥ (ana) = (1 - (§/2))° , (22)

where YN(eff) and YN(ana) are an effective neutron yield,
which is expected to be equal to the experimental one, and
that of the model analysis under the symmetry assumption
given by eq.(18), respectively, Figure 5 shows a schematic
picture describing eq.(22); the shaded area is the effective
core region at t = tm. In Fig.6, solid circles denote the
values of the neutron yields, experimentally obtained,
devided by the analytic ones, where the theory is applied to
all targets irradiated with different laser energies., The
solid lines dencte the reduction of neutron yield estimated

with eqgs.(19)-(22) as a function the aspect ratio with g = 2

to 8%, where fixed parameters are RO = 0.5mm, EL = 10kJ, PL
= 10TW, and pfo = 3atm. In addition to these parameters, we
selected g = 6, which results from the irradiating
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Fig.5 Fig.6

configuration of the GEKKO XII laser systemll). As seen in

Fig.6, a higher aspect ratio can lead to a drastic reduction
of neutron yield in the model.

Alternatively, we can estimate the nonuniformity
from Fig.6 corresponding to each experimental result.
FPigure 7 shows the histgram, thus obtained, when we
attribute the reduction of neutron yield only to the
absorption nonuniformity. The solid line is a Gaussian
profile with standrd deviation obtained from the histgram,

and 10% of absorption nonuniformity on an average can be

concluded.
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applying the model to all experimental results.

V. OPTIMUM INITIAL RADIUS

Finally, let us estimate the optimum scaling of the
target radius regarding the laser energy. Here we fix the
pulse duration 1L of 1 ns. Then, with the aid of egs.(10)
and (11) and the relations, EL = pLTL’ and Ro = uTL, which
is obtained at AM/MO = 0.85, we can obtain the optimum
initial radius as

0.25
Ry/1 mm = 0.31(n,E /1 kJ) . (23)

Thus, eq.{(20) predicts a target diameter of 0.97 mm with EL
= 10 kJ and Na = 0.6, which is guite close to an optimim one

obtained through the experiments.

VIi. CD Shell Targets

It is hard to obtain a high density compression by

using a gas fuel target. High density and pR can be achieved




by using the cryogenic or foam cryogenic targets instead of
the gas fuel targets. The foam cryogenic target is free from
the Rayleigh-Taylor instability in the deceleration phase
because of no pusher-fuel contact surface. The mass density
of the foam cryogenic target may be of the order of 0.2
g/cm3. Thus the optimum aspect ratio of the foam cryogenic
target is much smaller than that of the glass microballoon
target. This also reduces the growth rate of the Rayleigh-
Taylor instability at the ablation front in the acceleration
phase.

To study the implosion properties of the shell target
we have used CD plastic targets, of which mass density is
approximately l.lg/cm3. The experimental conditions are
summarized as

Laser Energy: 8<EL<10 kJ
Target Diameter: 600<2RO<1050 um
Thickness: 4<AR0<14 ym
The pulse duration is 1lns, and focusing condition is d/R=-5.

Because of the low Z compared with the GMB, the laser
absorption is slightly smaller than that for GMB, about 40
to 65%. However the optimum radius does not change much from
the LHART, because of its weak dependence on the absorption
efficiency. On the other hand, the optimum aspect ratio is
approximately 2/5-fold of that for the LHART, i.e., 3160,
because of the low mass density.

Fig.8(a) and (b) show the comparison between the
theory and experiments of the CD shell targets, for the
implosion velocity and ion temperature, respectively. The
implosion velocities are measured from x~-ray streak image
data. In the theory, the ion temperatures are estimeted from
the implosion velocity assuming that Te/Ti=0.3. As clearly

seen in the Figure, they are in good agreement.

We have developed an analytic model describing the
implosion property of high-aspect-ratio targets, As a

result, we have shown that the hydrodynamic and transfer
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Fig.8(a)

Fig.8(b)
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Implosion velocities of CD shell targets measured from
streak camera images: Open circles for diameter of
600n.700um, closed circles 900Vv1000uym. Analytical irmplosion
velocities and shell mass at maximum compression are
obtained for 2R°=700um (dotted line), and 2R°=1000um (solid
line).
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Ion temperatures observed from neutron time of flight
measurements versus target aspect ratios for the CD shell:
Open circles for diameter of 600%700um and closed circles
for 900 .1000um. Analytical values are estimated from the
implosion velocities (Fig.10) with T, =3T dotted line for
600v700pm in diameter, and solid line fof 90071000um.
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efficiencies, and consequent coupling efficiency and ion
temperature can be expressed as a function of the aspect
ratio. Optimum target design, regarding the aspect ratio
and the initial radius, can be found with this theory.
Furthermore, we have examined this theory by comparing with
a large amount of experimental data to show the validity of
the theory. Also, the theory developed here well reproduce
the simulation results. The modeling to obtain the plasma
parameters at peak compression, which is composed of shock
and adiabatic compressions, is a simple one and not
especially new. However, the unique and important point is
that eq.(17), which determines the final condition of
plasma, includes the coupling efficiency as a function of
the aspect ratio. That is why such plasma parameters as
neutron yield, and fuel p and pR are obtained explicitly as
a function of the aspect ratio. The reduction of neutron
yields from one dimensional analysis can be explained by
considering the R-T instability in the deceleration
phaselo), which is related to the nonuniformities of the

shell thickness and/or the absorrtion.
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Microinstability for a rotating light ion beam (LIB) fusion
system is investigated. Stability conditions including the effects
of fractional current neutralyzation, rotation of LIB and beam
temperature are derived for propagation through a background plasma.
The results are illustrated by examining the various parameters of

a rotating proton beam propagating in a plasma.

§l. Introduction

In the investigation of inertizl confinement fusion by high
power light ion beams, it is one of the most important problems
to propagate the LIB stably through the chamber to the target.

There has been many investigationsl)_B)

of a stability analysis
of I.IB propagation through a plasma. However, previous theoreti-
cal analysis of the propagation has been carried out mostly for a
model in which the ion beam is completely neutralized and does

4)

not rotate. In recent paper “a rotating light ion beam which is
assumed to be symmetric about the rotation and propagation is pro-
posed as a energy driver of inertial confinement fusion. In our
previous paperl)it is pointed out that the filamentation instabil-
ity is the most deleterious one for LIB propagation in a plasma.
To investigate the influence of current neutralization, rotation
of LIB and beam temperature on the filamentation instability, we
make use of the Vlasov-Maxwell equations including the self magne-
tic field and the constant magnetic field perpendicular to the di-
rection of the electromagnetic waves. The magnetic field in the
propagation direction induced by the rotation of LIB and the frac-
tional current neutralization have the tendency to stabilize the

filamentation instability.




§2. Stability amalysis

We assume that equilibrium and perturbed beam space charge field
are completely neutralized by the plasma. We introduce a cylindrical
polar coordinate system (r, ©, z) with z-axis along the axis of sym-
metry. To obtain a dispersion relation for the filamentation insta-
bility, we adopt the linearized Vlasov equation for the j-th component
perturbed distribution function &f (x,p,t)(j=b,p) of the form

J
z 3}
v x (Be + B.e )
3 9 0z 08 9
( P + Ve + ej z W )ij(x,p,t)
B vx§B(x,t) 8 (0
= —ej(GE(x,t) + c ). p fj(H’Pe’Pz) (1)
where Bgez is a uniform magnetic field in the direction of beam pro-
pagation, Boee is an azimuthal self-magnetic field, ej is the charge

of the j-th component, H is the total energy, Pe is the canonical
angular momentum, Pz is the axial canonical momentum. The equilibrium

distribution function in (1) can be approximated in the beam-plasma

system by
0 b 1 2 2
£, (H,Pg,P ) = 372 expl - 2m,T (o * (Pgm myr,)
(anbTb) b
2 p
+ (p,m mV,07) (2)
n
0 P 1 2 2
f (H,P_ ,P ) = exp( - (p_ + (pp- m &)
p 0’ z (Z"mPTp)3/2 2m Tp r 6 p rp
2
+ (p,- mPVZp) ) (3)

where nb is the beam density, Tb is the beam thermal energy, mb is the
beam ion mass, Qrb is the beam angular velocity, Vzb is the axial
velocity of the beam, np is the background electron density, Tp is the
plasma electron mass, Qrp is the plasma angular velocity and Vz is

the axial velocity of the plasma. To obtain the most unstable mode,

we consider the interaction between beam ions and background electrons.
From equation (1),(2),(3) and linearized Maxwell's equations, we obtain
the linear dispersion relation for the filamentation instability of the

forms)
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n=—e o - lo_. - (@}, - 9°.)
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o« d 2 k.LP.L/m~ Pz PY 0
xZanp*p*Jdp () 2. (4)
0 o 2 D Q -9 P, 9P, 1

In (4), 1 is the azimuthal harmonic number, Jn(x) is the Bessel function

of the first kind order n and

. _ 8me, Vz'vzk 1/2
DI ejugy (L - m_sz E e, (1 - —J——Z )] (5)
jed

where ¢,= sgn(e.) and w_.=le, Bz/m c.
3 5By cj | Jl 0°7]

In obtaining (4), we have introduced the perpendicular momentum variable

in the rotating frame, p, = (pi + (pe - mjrﬂrj)z)l/z. Assuming that
2 + - 2 2.2 2,2
k (Tj/mj)/(ﬂrj— er) <<;, nb;<;p and meZb>> mpvzp , equation (4) redu-
ces to (for 1=0 and |w| << ¢“k%)
2,2
k
2_ o+ -2 _ "% 2
W= @y - 8" - g (et Ty/my) (6)
w_ + ¢k
P
where
+ - .2 2 2 2
(Qrb— Qrb) wcb( 1+ Z(wbvzb) /(wcbc) 1 - fm)). 7
fm= -(npepv1p)/(nbebvzb) is the fractional current neutralization by the

background electron plasma for a charge neutralized system. The maximum

growth rate of the filamentation instability is given by

2,2 2 2
(V. + T /m) 2w,V
c c

cb

From (8), we expect that there may be a range of density for which LIB
can propagate without triggering the filamentation instability or have

sufficiently slow filamentation growth.

§3. Results and discussion

If we assume that the magnetic field in the propagation direction
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is induced by the rotation of the jon beam, the field has the tendency
to stabilize the filamentation instability. The fractional current

neutralization has a stabilizing influence on the instability but the

drift velocity and the temperature of the beam enhance the instability.

From (8), the stability condition results in

[N

<
=

I

—
NN
o

wg . (9)

[
(o)
B
1
—
<
> N
|

o
2]

2 .
In (9), we have assumed that Vzb>> Tb/mb and veb— chb where R is the
typical beam radius. Table 1 shows the upper limit current feor a
rotating light ion beam which propagate through a plasma without trig-

gering filamentation instability.

TABLE 1. The upper limit current I for a rotating
light ion beam is given in the cases of the total

beam energy E = 10 MeV and current neutralization

b
factor fM= 0.8.

V.. /V

b 0.2 0.4 0.6 0.8

zb

I(MA) 0.8 3 7 12
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1. Introduction

During the past  year s it Many talbotglories the phyoics of
matier states produced by pouwerful  pulsed sGurees t1gsérs
particie beams, impact  sySlems etf .t ix Dheing 1hvestigated
poth theoreticaly and experimentals. In  these studies
matter s found n overw different and rather extreme
conditions (More 19a86).

In most cases Gt anterest = <tem behagviour oan be descrbed
by numerical codes iNicholas 19a3:, tollowing the evoiutien
ot two separate  tluids cron ttucd and electron flurdy, each
being characterized by 18 ouwn  temperatuyre, The two Tluds
ynteract with each other, wilth non-thermal particles and with
radiation Gt various orydn,

The codes requirire data on onvercal progerties of matter
with mass densities from velues well bLelow atmospheric
density ubp to abiout une thouwand times that of the sol):ds and
with tempeéeratures trom thousandths of eV to hundreds of Kkev.

The core of the simulation  package MIRITAM (Drcskg et al,
1984, represent rng an “ffort to develop regsonably
consistent and self-contained model of pulsed-source-driven
hrah-parameter non-14eal plasma systems 4o character i zed ny
the following essentral featyres:

(1) One-dimensional Ladgrsndgian hydroavnamics of svstems with
variahle mass Ot subisystems: formutatyon 0 f eduatians

assures the total energy canservialign.

(&) tagrange formuiation of psrticle  wanetie  equatiens  and
equation of radiation transport.

(3 Ererav  agns momentum deposition rates of hedgvy particlen
based ¢n simultanecus Soltution of Xanet o esguations,

(47 Radiation transpor?t  oagtoglated 1 myttiaroup new
diffusicon A0Droa mation with pontattant emitsavaty, op3city
estimation,

(5) Upafoed des~crapton of mediym and hogh-7 (on phye

U

equatien  uf  state.  radiition  Maracter.stics. eandys?

coetfroients and energy-éxhgpnes charanter 151,y
T‘j!

T. : - . ' . H N .

VI By B et R A S TT R AR G I W Bor ooty e
N = 5! rri I - ' it Ty, t

R T L- PR LT teatL o s LE
summar s ted a4t W




(1Y Unified treatment o1 atefio obe-.i- tgnrod TR
sotution of Thomas-Fermi Corrected zquatron, sohrodindger and
Balescu-Lenard equatrons.

(2) Improved TFC mode! with = hange  and  correlgtion
petentral correctiang.

{3) sehrodinger squatioen  solved  an WEE O ALoroaamat.oon,
radiratioh character ost,of  caliutated o TP Lol ewtiéd

hydrogeni¢c model

{4) Conduction coetticients obtgined w3 Expancaion of
Balescu-Lenard equdation ' Legendre patynomiogls LERAE
truncation after two tirst terme, electrgn degenergcy tiken
into account by using Fermi~Larac dretribution as  the first
term of theée expansion,

(5) Consistent evaluatiocn  of haigh-frequency electrical
conductivity (in progress), freesbound electran  stopong  andg
electron-1on heat exhange.

The work reportes n this article concentrated on the
formutation of twoe spechfioc modeis wsed 1 oour atamic Ghys. s
subroutines:

(1) Etectron equation of state {(EQ%) caloulat-oansg,
[2) Erectron thermal and eléectric conductiveties caloulatoan.

Qur gpbroacn tu the electrar EDS mode!l 2 ohzracterized by

J5ing  the  exchange and BnOROYTRLY OGRS Dfesenten if
ilharma-Wardarg 1981 far thoa AROPoacn 3re:
(1) Simple formulisation, ihcigding the  dependence on Loth

eleactran deni oty 508 Yemperature.

{2y Correct behiaviwur of The correctonn o0 bymat

Where pitestioun iyt

decided to foarmuiate the probiem

Batescu-Lenard eguaticn, fabliowiag arguments
for this choice:

{1y The theory can be formmlated wiothoul waong  th-  Coglomt
fogar i thm, there zgre no prtoblems witn upber cutoff.

[

ineiast ¢ processes wan bLe anciades,

+

{2y The model res Gty

Geter pigtoan mftest oy Th Q&g




2. Improved TFC HModel

2.1 Thomas-Ferm! Corrected Equation

Itnoaccordance with the standardg —eil  model egih  atom &

suplbosed  to  be  encloused i 3 sLher ogi coiume v wh Lt

containg o ElelTtrong couwund o and freey whete D 05 the
nuciear charge. Tre o w1 LEYN e s The s imie

RS = ( 2M/4mp 1+, where ¢ 4+ the matter fen-Ty gnd M othe

mass ¢t the atom, The electron dens ot (¢ wiven [y

% <
| 1
0 = —_— (1

where kT s the temperisture 1 n energv yn.ts. m i the
electron mass, r denctes the Jdistance from the nucieus, Y
the chemical potential, vier) s the electron potential diven

Dy

I T R PORL SRR PPN

where V.,

X PR

and VoL are the contraitntoons

the R ANC R

and correlation 3¢ descr obed in (Dharmi-wardans et al. 1981

-
L oe gty 4 2 8493 % tanhit

where

and

I?‘:‘,vl”” z \,_ [
JE T s
Vo oand v are el 'natenr n Ltemis ot g tern
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2.2 Electron Pntential

onsislent, the polentogl o

Now, for the thewury 1o De selt
and the charge density should Le
equation

2
Vo ozoengiri/eg (4

Further, as r =-. O, the pstentigl will Lé eccentigily that
due to the nucleus s¢ that 1t owill behav

1

a5 €L, t4MEgr
Now, the electric treld at the cell shouid vanrsh (becdute
each cell s electrreall, neutrsiy anad therefore gt r = R

désdr = O

we introduce the dimensianlese varaablie ¢ = 1 F 3nd heéw
function ¥ as

Vig) = (ed + pye k7 (G
I f we now use the Poisson egquation ¢4y and trancfarmgtins (G
we would get
a¥/deg = 0 (6
d7de = aeFy ¥ e Ve tnithvpngp el Ve (T -Vepp i Ta kT
with boundary conditions
| Q1) = ¥ (Ta;
|
Vidy =z o ¢ T
' where
pl 3T 1l
‘ [ o o 2 3
a = e Z/(4ne, 6T, 3L dre P T s . v T
ang Fu s the Fermi~fior 10 Citeyge ot e R
drtferent sl gt e o wo Ty
SOiven R A : I T . . T
imclude the Puﬂg&-¥uta~Feh'er; Pent ot - T O T K A




for scelutron of cvaTem (&1 from right o ledt. we nnte  Tnat
the jett poundary condirtron muyet Le trans formed v HE
gasymptotical form viea Tastor evpansian ot § at £ = .

Vi0) = W(d)+Q(I1d+a4.
}%[W(é)/é'(vt;idiﬁv_ padie Ve e ) KT

where o ) chopsen 45 G ke F Pevre ' the (anh Core

2.3 Effective charege

Other relevant quantity 1§ the stie i ve nyclegr oharge o

According to ( Rozsnyai 197¢ v 2, 1< Qiven py

4 3
Zg = — WP natky =R

where n.o(RI & given Ly the selif ¢ i
T, idi, vE. Detsaied Hartres-Sigter

PR triis R ovEry good o apoproximation of the
ron Ligrde.
re toshows etfeotave nuclesr charge of siumeonem vers

NS ity tor vit tnus electiron temperstyres
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3. Electron Equation ot State

3.1 Electron Pressure

we are  treataing the  ele Trons scaentag g EE St He
4

formed & olassical  Gasx  That  hapiens ToNave § 0 momentun

distribution Grven h~

tfir,prdp

The pressure at the boindai v 3¢ therefare juit  the  pate  of
transter ot momes.tum o st FL For an electron of momentum o,
the momentum transter wouldg Le 20, grid tye rite owo b LE
one thard ot the veiocity,  Lym. sence  the electrons

randomty an gt o drrentione Thyt The *Total pressyre exerted

Ny oatl o etectronn 4t the Logndag X
H <
I ; Loicdps 1o 2m
Bz — PR
i i
oo ooodm - g
Enpl Tooe ot
kT
Femembier g Thgt F :
En tagure & oelestron presayre of 3 iy 3 fynictaoon of
mies dels oty 2ied AlEetron R I Paoyed
Yes R A + v
HRTE S R -
M z gt 2T nn oyt a i
" e e ) 3 Sdd L
BLprE- SRS o Tarms o4 Farmg - inteaaral VoL 4
Kipoc T ST ik Pt Ve i

r
-
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4., Conduction Coefficlents

4.1 Electron Kinetic Equation (EKE)

ihe Balescu-Lengrd kinetis eqtgtion tklamountovioh fubl,
has been used for transpatt ot il pent: calculatyone. Thie
coetticrents are  abtained ftom the solutien o f the

Balescu-Lenard equation based on

tunction n Legendre polynumiais

first  two

transport coefficients are tiken

Fermi-Divac
of the expansian.
account  via

consistent

potenteal

AN expansyon of distriobution

S

withh  truncation after  the

terms., The electron deageneracy effects on the

into  aceceunt by wsng 4

destrobutoan fur The electronsg 39 the izt tTerm

v

The partial 1on1251000 16 alsy taken nto

effectsve huglear

charae abtaineq from et f

sotuteon  of  TFL  equatiun 197, The chemicgl
Fermi-Dirac distr

n

solution of TFG

The slectron

af af
+ v, ——
It Jri

where f I

etectr o 1

=

equatron ild;.

IR eqgatnn
af d
L e A B
dir i
the  electi o di
[ and A, {~|
Coliisyan  term,

Balescu-Lenard
magnet e freid

tREcr the fue

i

(4

(

fteoty  nhers,

perte A oand L
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& af
+ % P19
db 1IN
traovution functioen, E 4 oan
e the coefficients of

wWe note 1hit we ignore the

to tklimontov:ch

AL tan LG5 ognrtay




-~ &

—176—

£ i
SR | S PR )
cod
P
1
oo
. - e
‘l"_, - ' f
e, KT -
3 ca Ko
i, Ki : i bz Lo :
N t. M R S R R e i
. B . - st B
Pigt s N e the -
B , [ LR
L . M 1 H P Lo
e,
e b
4y L
imo ot . e ——
- \ - [ K.ov -
TranLtrmy | T e e i +
ording? e R
T F, e t ot < + - =
=t - N b - -
RS NI S B R e e
a4 e ToA - Ty ’
» -
| Kl * I 3 ~
E . - 1 -
—_— o e —— - —_
R : i A N
fiw o ‘ -
[ <
ER ) H
"~
¥
. S IR

. .
. s
+ T

{ ,

+ '

- et




- [ t;(k;+cai Pl
~ "“.,.“|‘-.j p—= a1y + 1 -
1] C c fal
=1 (o4 L i
1dty
2
alzl Km+d i) Al
- larctg—2 - arctg——}idx
bix) (] VR
e v ) | ki hE )
€ c mtkgmtcat 1)
Doptp) = Ceptptli— IM|—————— + 1| -
(93] 3 v n'n > : 5
vou .1 4+ bta)
. (27
c
a(X} Km+talx) atx) Do, (D)
- [arctg—m—-—f— - arctyg }tdx - _EET__
b(x) bini bix) 2
with
[o4] 2
¢ 22 w . .
a(x) = - Z16W exmp | fimpwi aw (28}
fh J = 2
4] X - W
3¢ 2 129
Dix) = 81 Depmpxfyim
n
0
¢ 3 7 2 2 1/2 o
Tplxl = (471 my FriMytw + &) Vow dw {30}
G
andg s
d 1.8
kg = min 0 kT e, imkT 0 !

4.2 Linearization of EKE

The usual approach fur deravang  transpart coefficients
starts with 4 jrnesrizaticn of ihe kinetic  eguation  for 3
plasma tlose

ermar  egulibragm, Thes o linear zation may

De ogncomplashed Ly oeefabanng Yhe o o ngig

el s tr syt oo
functyon o Legendre pooynom:adts ard Truncating the éxgpangion
sfter the Torat o twy terme, e

G N 1 s
f o= fY(x,p.tidm o+ Zpftin,p,tyo4n R
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=

SUDsStitutang thaes expansien i to Yhe bate oo oritatil maualaod

and taking Gividiglar motnen e P s W
difterential &quat ians in 9% and 1. based i The SALUMLT .
that The p1EasSMe o5 wbode To Therfhodanan. sl Lr tgm, T4
o set to be a Fermi-Dirzo, ' oo o wmail certurbgiaen sng
have not  dependence on the cuettioisnte Ao L4

Now, after transformat en o energs qn o electrunvalta)], th

S '

TWO O DArt Al dafterentosl equstoiios g broar s tlten arn T Ao

; . 1 .
a0 2e 4 gEt! cet b 9t Je oA v
—_— ) b P—_ | FEaSed s

3t mE 3t m 3. mE ot

af! 26 % E at¥
3t m 3 JE

+
™
o

p=

=
t
[a®
Ll
[

wher

o

tquaton (3 desutpes the eneray cunservation [ aw,

DY STiown Ly e my g Lor I

vartable

(345uming the mean

conservatl(on law  we AN Shown, That the elaitir; gyt
arid heat flow are diven 3¢
(9
kg ? } H -
= o-mcem | EfdE i
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4 ce m | b tiat e
i
Sihe wE are viiterested i Tesld tute
DrGLBSSES . We eGudte the Time Jderitugltive b &y P 3a

Then we hav#s

aq 3, ¢ dr! g oAl LE af
{ et 3,d S £ )
— [Eu%ft + t dp, ——I 2 : - - — 139
dt b3 bl Poa ioot

Equation (3%) mMmay  noew be solved 3t the heat tlow 3dnd the
current calculated 35 integrals diven by 27, (38, Based
on the assumptron  that +7.4m s set  1¢e  pe Fermi-Dirsc
dJistraibution, the equatyon t239) hecomes 2 lifiear drfferentigl
equation, it 18 easy Yo shown that both ) and g hecome
binear tunctiyon oY lhe tempergture  aradient and electrac
field:

bz o ongy B - owgs ove {401

a7 = - s E - Sl v (41)

where © 15 electron Tempergture n oev and

2 -1
Sy oz - 2em LB L Tes) dE {4cC3,
¥ [ -4
541 T e mo UL :;1;.1; it {420
!
3 I R
5-&1 z ce m ! EL [\l'ij 13 4o
i
3 Pod -1
Sap oz - Zdem LD oo fwgl WE 4cd
- }
and o
£ oafr
wy o= {423)
G oA
E G
O R
) ool
The difterentigi peratae g Cotet ] b
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4,3 Electron Thermal and Electrical Conductivity

The thermal conduct vty v o1& ded oned o the rgtan of 51 1o

choiz oand the electiioagl

v for saituation n whi A
T oo othe  rates o4 o0 te Eoahen qycu dhe thermat o coonduo oL T
can hBe faloulated 35 tollnws: Favet  mue [ CSaived  The

gquation
LI_“"()} - 4"1""5 (45,
with  toundary  condotoon % (Ey - O otor F - m and integral

condrtion

The coefficients <y and nao sre ablginied by substituting

T

9o = L fwqlv

nto 14200, (420 . Second must be <nived equation

Llged = - . E 4r
Wit houndary condy tien ook - otur B~ 3nd integrgl

condyteon

rox Eoge db = u
The coett crents - PN : I e g g .
substituting
$au = L 1‘1’ o) “

into cdéan, 40y i a4 dothe e R A AP

Ngs Deen wr i tien 5s
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FIG. 4. The dependence of electron thermal conductivity of aluminum

on the electron temperature and mass density
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K= %22 - %a1 Si2/80d t

Numer i1cal procedure tor the seldtoon of equations (491 and
(46) s based on the tanite difterencing £ withein  the
tnterval (Emin Emaxi N logarithmie  soale, The ntegral
conditions are evaluated via the trapelum rule

Figure 4 shows the dependenve of etectren  thnermal
conductivity on electrun temperature where difterént tnecries
are used in the conductivity model.

The electrical conductivity may be computed using the seme
way, but the integral condition must fe cnanged by

2
qrs E o5 e a8 = 0

The result s

5. Cconclusion

Electron EQS and conductian coefficients bhased  on
consistent using of Thomas-Ferm: Corrected model and
Lenard equation are  clegrly  well applicabie  an vat
chracterized by sufficiently high tempergture (7T » 10 eV}
Highly non-ideal regron of tow  témperatyrés  and  very  H.ogh
densities need 1o De ftreated different way.

wWhere medium hon - 1deal  plasmas iy cunhcerned, we
acceptable agreement of our models with other, more empir:cal
calcutlations fAL2en et al. Y986, Lee &1 3). 19847 . As an
cltustration, n figure S 4 coMparizon of
electrical conductivity with The datyg of

for a relatively gente system 5 pras

resulls o

et al, 1984

Prancipially, cur modeéi  oouid

corrected to plasma-nonidesl ity

estimated structure tg tare SRR ] O * e
pubiltished ). The Mman sdvanos f tha tad te
potential 1o Le extended 1o the R . foTe

systems, Dbeing of interest n myny <tpd 2o of vgn - enwes iy -
density systems.
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STABILITY REQUIRMENT FOT IGNITION AND HIGH GAIN IMPLOSION

= 2-D Simulation for High Neutron Yield Experiment =

H. Takabe

Institute of Laser Engineering, Osaka University

Yamada-oka 2-6, Suita, Osaka, Japan

Implosion stability 1is the essential problem for ICF scineric, n
which we expect to demonstrate the ignition by the use of 100 kJoule class
driver and realize the pellet gain 100 with MJoule class driver. In corder
to study the stability requirment, we have developed a two dimersionel
fluid code. [LESTA-20. In the present note, we report prerliminary
results obtained by using the 2-D code tu simulate the recent high neutron
yield experiment by Gekke-XII. It is found that the neutron yield s
rather insensitive to the implosion with relatively smaller wavenumber

nonuniformity (¢ = 6, 12).

I. Introduction

A uniformity of implosion dynamics is essential recuirement for the
inertial confinement fusion. Even for relatively low density compressicn
which is seen in the recent high reutron yield experiment[1],nonuniformity
of implosion plays important role on neutron production.

In Fig. 1, the neutron yields obtained by the implosion experiment
with Gekko-XII areen laser system are plotted as a function of the aspect
ratio of the glass shell [=(radius)/ (thickness) of target] with the solsd
circles, while those obtained by the one dimensional simulation code
ILESTA-BG are plotted with the plus signs. One dimensional simulation
always provides higher neutron yield and even at the best agreement, the
difference of a factor two is seen compared to the 2xperimental results.
Such discrepancy is mainly accused of the asymmetry of implosicn dynemics,
although a variety of physics not correctlv inciuded in the simylat on can
be enumerated,; for example, nonlocal and ncn-maxwell effects of electron
heat transport, non LTt radiation transnort, etc.

The data shecwn in fig. 1 are replotted in a different point of view.

In Fig. 2, trhe neutron yields from the experiment divided by those from
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the simulation are plotted with the solid circles as a function of a
calculated convergence ratio, RO/RF' where R0 is the initial radius of the
fuel and Rf is its radius at the maximum compression obtainec in the 1-0
simulation. In this figure, the solid lines 1indicate the calculated
effective neutron yields until the times defined in the schematic figure,
where YN is the calculated full neutrc., yield. It is clearly seen that
most of neutrons produced during the stagnation phase is not observed in
the experiment. This is considered to be due to the Rayleigh-Taylor
instability in the stagnation phase, which grows explosively in time[2].

In order to study the effect of low £-number nonuniformity (2=1-20) on
the neutron production, where £ is the wavenumber in spherical geometry, a
two dimensional fluid code ILESTA-2D has been developed. Our main purpose
is to see whether the lower £ mode is more important compared to the
higher £ mode nonuniformity, which is fairly hard to be simulated with
conventinal two dimensional simulation code. If the latter is essential,
we will be required to mode) theoretically the turbulent mixing phenomena
due to micro scale perturbations.

I1. Implosion Dynamics

In the present paper, we focus on the shot #3826 at which the neutron
yield of 1013 was observed in the experiment. At this shot, a target with
diameter 1235 um and thickness 1.31 um filled with 6.2 atm. DT gas is
irradiated by a Gaussian shaped 0.53 um laser with 13 kJoule/ 1 nsec. Tlhe
calculated neutron yield with ILESTA-BG code was 2x1013 against 1x10]3
neutrons in the experiment.

First of all, we have studied how much absorption nonuniformity i<
required to reduce the neutron yield from 2)(1013 to 1x1O]3 in ILESTA-2D
simulation, It is found that as for a nonuniformity of =6, the
onuniformity of 357 is required for a reduction of a factor two. The snap
shots of the implosion dynamics are shown in Fig. 3. In this simulation,
24 grids are used in w/2 of §-direction and 100 grids are used in
r-direction (20 for DT fuel and 80 for glass shell). The laser peak is
located at t=1.5 nsec. The shock wave driven in the fuel gas collides at
the center at t=2.2 nsec, and the maximum compression is seen at t=2.4
nsec. It s noted that the spatial scale is streached by a factor two
from 2.0 nsec, and the thicker azimuthal 1line indicates the contact
surface of the fuel and glass pusher.

It is seen through these snapshots that the nonuniformity of the
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pusher grows with the convergence of the shell, while the shock wave front
(see 2.0 nsec) is relatively uniform. In this implosion, the deformation
of the contact surface near the maximum compression is improved due to the
mass ablation of the pusher towards the fuel; therefore, the sphericity of
the contact surface is eventually improved to allow sufficient neutron
production. After the maximum compression, the DT plasma predominantly
expands in @=n/2 direction. As the result., even under such norunifor:
implosion, the differencc ol neutron yield is only a factor 2 compared to
the corresponding 1-D simulation.

In the present simulation, the laser absorption is calculated for one
beam irradiated on the north pole with d/R = -5 by f/3 lense. The ray
tracing method 1is wused to determine the ray trajectories and the
calculated absorbed energy is redistributed in the §-direction with 35 7%

nonuniformity of ¢ = 6 mode.

III. Ray-Tracing in 2-D Space

In order to include the coupling between the density nonuniformity and
the resultant laser ray deflection effect, we modified the geometry from
(8.r) space to (4.r) space in the spherical coordinate system. Then, the
laser beams are irradiated in the plane of equator (g=n/2 plane). In this
case, we have investigated an effective d/R value at which the neutron
yield reduces by a factor 2 in 2-D simulation compared to 1-D simulation.
We assumed uniform intensity pattern for each beam. At first, the case
with d/R = -5 (experimental focusing condition) 1is studied, but the
neutron yield in the 2-D simulation was almost equal to that in the 1-D
simulation. We finally find that the case of d/R = -3 reduces the neutron
yield by a factor 2.

In Fig. 4-(a), the trajectries of laser rays at the laser peak
intensity (t=1.5 nsec) are shown for this case. In Fig. 4-(b), the
irradiated (NL) and absorbed (wabs) laser intensities are plotted in TW
unit, where the absorbed intensity by each radial Lagrangian zone are also
piotted. In fig. 4-(c) indicated is the standard deviation of the
absorbed laser intensity integrated in the radial direction,

o= [fg"<f°51(¢.r)r2dr < <05 ) dos2zn 172/ <1,

where
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<[> = [g" do/2n IE I(¢.r)r2dr,
and I(¢.r) 1is the absorbed laser intensity at time t. It is seen that
about 20-30 Z nonuniformity is induced due to the finiteness of the number
of beams.

The nonuniformity of shell dynamics is driven by the absorption
nonuniformity. In this case, the foundamental mode is £ = 6 mode and the
relatively <ctrong absorption is seen in the beam overlapped region. On
the other hand, the region heated by the component of normal incidence is
also strongly heated, and the nonuniform mode of & = 12 is also seen,
which is inferred from the shell deformation. The fluid dynamics affects
the time development of the o. As the radius of the critical surface
decreases, the effective |d/R! value increases. This effect helps the

improvement of uniformity as seen in Fig. 4-(c¢).

IV. Neutron Poduction

In tig. 5, the time developement of neutron emission rate, time
integrated neutron yield, and the fuel density and i{cmperature are shown
for the (a) one dimensional simulation and (b) two dimensional simulation.

As seen in Fig. 5-(a), the density increases around t=2.2 nsec in 1-D
simulation and this allows the production of neutron 1in this phase
(stagnation phase). However, the density increase in this phase is not
seen in the present 2-D simulation for d/R = ~3 focusing. It is typical
that in 1-D the neutron emission starts from the arrival time of the shock
wave at the center and continues through the stagnation phase. On the
other hand, in the two dimensional case the stagnation dynamics is not
seen and the neutrons are not produced in this phase. Therefore, the time
duration of neutron emission is reduced in the 2-D simulation and as the

result the neutron yield is reduced by a factor 2.

V. Conclusion

We have developed a two dimensional fluid simulation code ILESTA-20,
in which a Lagrangian mesh scheme is wused to solve the one-fluid,
two-temperature fluid equation. This code has been used to simulate the
recent high neutron yield implosion experiment with Gekko-XII green laser
system. It 1is found that in the gas target implosion, the resultant

neutron yields are almost insensitive to lower wavenumber nonuniformities




(2 =6, 12) of laser absorption. For example, in order to obtain a 50 %
reduction of neutron yield in two dimensional simulation compared to that
in one dimensional simulation, we need to impose 35 Z nonuniformity of £ =
6 mode.

Through the two dimensional simulations, we inferred that the
discrepancy between the experimental and 1-D simulational neutron yields
(usually one or two orders of magnitude difference) is mainly due to the
mixing of fuel and pusher materials induced by relatively larger &-mode

perturbations.

References

[1] H. Takabe et. al., "Scalings of Implosion Experiment for High Neutron
Yield", (submitted to Physics cf Fluids).

[2] F. Hattori et. al., Physcs of Fluids 29, 1719 (1986).

—189—




*P1OIA uUOIINAU [InJ G-I ST z»
A1aym ‘weideTp 3~1 O11LWIYIS Oyl UT PIUTIBP SPIITA UOIINBU BATINVIIS  ay3l
91BDTPUT SIUTT PITOS Y] °OTIBI IDUS3IFAUOD PIIBNI[ED *S*A (WIS)'| pIaTéh
TeuotiIeTNUIS (-1 £q pPaPIATIp Aaxwvz> PISTA uoiiInau  [eiudwiiadxy 7z 819

‘o13ea
1dadse 1338183 B 's*a (+) ,99-VISTTII, 2P0 PINTj (-1 put (e) 3Iuswriadxs
woxy pautelqo (assey wrl ¢G*'Q) I(nopy g1 I9d sSproth  uoianap 1 814

z "61d L thra

(pajeinojes) Jy/Oy oljey }oadsy

sz oz Sl 0L g 0 009 BN e10)4

T T T T 1000 LA 0 i o e B B L BN S B IR

Z
///
T

T

Ny J
oS

KRR

£
g

|

10

[T T

T

1
IALREI

| Y
(wis)Na /(dxa)Na

2

A

aa b s a4 s a

...-.—. L

T

“wis

snipey

\LLLE B

FUNUTEN B EVET ST SRSl SO IR

aarl oy

o

élnorx Ol Jad plsiA UoJinaN

—190—




[N

T
TR
"y,
T
i
iy
0"

(TR
s
\>

R
\ AN
R

}\

=

'ﬂ/“.

§

e
%//'.e
“i%\' 4

AR

17
{

7
{{ll
NS
N\

\.\

&
N
S
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at 2.4 nsec.
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COROWAL FLUID-DYNANICS IN LASER FUSION

Juan R. Sanrartin
E.T.S.1.Aeronduticos, Universidad Politécnica, 28040-Madrid

The fluid-dynamics of the corona ejected by laser-fusion
targets in the direct-drive approach (thermai radiation and ato-
mic physics unimportant) is discussed. A two-fluid model invol- .
ves inverse bremsstrahlung absorption, refraction, different ion
and electron temperatures with energy exchange, different ion and
electron velocities and magnetic field generation, and their ef-
fect on ion-electron friction and heat flux. Four dimensionless
parameters determine coronal regimes for one-dimensional flows
under uniform irradiation. One additional parameter is involved
in two-dimensional problems, including the stability of one-dimen-

sicnal flows, and the smoothing of non-uniform driving.
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I. INTRODUCTION

We discuss here the fluid dynamics of the corona of fully
ionized plasma ejected by 5 laser-irradiated target. The motiva-
tion of such a discussion is that, first, coronal flows make a
special field in fluid dynamics, and, second, the variety of
existing flow regimes need be explored prior to a full under-
standing of laser fusion, particularly of the compression of the
imploding (part of the) target. We restrict our study to the
direct-drive approach, for which thermal radiation and atomic
physics play no dominant role.

The special features of the corona are elaborated in Sec.
II. The equations involved i ii. analysis and the dimensionless
parameters characterizing the coronal regimes are considered in
Secs. III and IV respectively. In the following section we review
limit regimes and time behaviours for uniforn laser irradia-
tion, leading to one-dimensional problems described “v systenms
of ordinary differential equations; their solutions involve non-
linear eigenvaluers determination and provide basic universal laws.
In Sec. VI we consider weakly two-dimensional problems that in-
clude the stability of 1-D flows, and the corunal smoothing of
weakly non-unirorm jrracis:tien of tarrets. Some effects not

included in the model of Sec. IIl are discissed in Sec. VTT,

I1. CORONAL FEATURES

In the simplest case, the plasma is characterized !y an jon

charge number Zianurmms Z.a5, and the laser pulse by its peak power

wm, half-width 1 and frequency w (with wavelength X, and cri-
L

L?
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tical density o, then known in terms of universal constants me,

e, and ¢). There is, in addition,
the target is a foil,
R is its radius.

The following basic

a) There are two widely disparate time-scales, w

-1
T 2> w .

L of

The slow-scale flow,

affected by the fast, oscillatory

tion, ponderomotive force).
b) The plasma expands into

c) Energy deposition takes

d)

with that

solid density (7700C for fully stripped aluminum

lighv).
Consequent, additionai,
1) The flow speed reaches

:c., somewhere in the
5

mark unknown characteristic values, say

The ion inertia enters the z-uund
motion i3 quasincutral

— 170
(m/me) <<t or A

L

where ¢ = (T /m )1/2.
e e’ e

2) Since energy must be taken from critical to target

a characteristic width R:

R is the focal-spot radius;

The mass critical density, p

features
sonic values, v¥

expanding plasma

if

for a pellet,

features can now be noticed:

-1 and

dominant interest here, may be

electron motion (light refrac-

a vacuum.

place at electron densities

*mn _, Is small compared

c C

of the imploding target, which will be larger than

and 1,06 um

are

1/2

VT

"

m)
(asterisk supercripts
the critical surface).

in

speed because the slow-scale

<<Rc/ce

den-




sities, and energy convection has an outward directioun, thermal
conduction must play a dominant role in the overdense region.
3) Formally letting /G +=, and because I res-
y € Prarpet’Fe » an s ) op

sure and mass flow rate remain finite and ii) plasma heat ccn-
duction is non-linear, one gets T/T* and v/v* +U at the target,
which exhibits a well defined (ablation) surface lying at finite
distance from the critical density. The slow recession of that
surface may be neglected in the analysis of the plasma ocutside
it ~the corona~, which Is thus uncoupled from the implosion pro-
cess. (Results from that analycis, say the light absorption, or
the pressure and flow rate at the ablation surface, might later
be used to study the implosion).

4) The analysis of the corona requires a collisional two- ‘
fluid model. Indeed, if ciectron conduction and energy convec- j
tion are to be comparable in the cverdense region, its length

must be

Loaa® (mim 0% st (1)
c el e el

Xmi being the ion-electron scattering meen-free-path. From the

ion energy equation one then gcts y

EH/z

-—_ ‘vl
)

From the electron momentum equation the same result is found

5) Ion conduction and viscosity, and electron viscosity,

represent small corrections of order (me/E)l/Q Z;S/z and ZJE/E,
EY

respectively.
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MODEL EQUATIONS

The two-fluid model corsists of Maxwell equations

- . = __1 3B
V+E -une(mpi ne), VAE = S 3t

= . = _1 3E um ~
v.B =0, WwBag =T T,

continuity, momentum, and energy {(entropy) equations for either

species (a =ze,i)

8nu _
3T +V-nava =0

n \ v

9 - - = a =
m n [—— +v -VJv =-V(n T ) +n q [E +—AB ]+
a ajadt a a a’ a cta c

+R, +viscous ters
Ba
el
. T3/° B
T [— + vl 1 = -V + +

nu u(at vu ] n o qu QBa

+laser heating +viscous heating

together with a description of light propagation and atsorption.

=0, Qﬁa+QaB+va.RBa*v8.

Note that R =0.

Ba+3a8 RaB

Ion conduction and viscous terms are
viously indicated. Quasineutrality requires

to neglect the displacement current and the

It also leads to V-E =0 where J =eL’in1

V.-en
1 e

negligible as pre-
Zini=ne and allows

electron inertia,

—en u (u v -v.,).

v o=
e e e i

One then gets the following system of equations

ane
5T tUtngV; =0 (2)
- [3 - = Te — B
mn {— +v.eV|{v, =-¥in T + —7T -n up— (3)
e(3t 1)1 e e 4 c
Te 3 .= T?/Z
A—:Ti[s—t-+v -v] In——=Q_; (u)
i i
. 1372 B Ti/z ~
neT {5¥-+viov)ln - = ~neTeL'Vln n —V'qe-u-Rie—“ei-V'SL (<)
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F - kim
\ VA (3E]=‘ Len u, (kL zw/c). (6)

In addition, the electron momentum equation is used in Faraday's

law to obtain

eB ,— —
< )+VA[TA(vi+u) +

R,
ie
n
e

} =VT AVinn . (7)
e e

The collisional results for electron heat flux, and ion-

electron friction and energy exchange rate arel

T - -
= e_o .__._
e neTe[me Y VTe B u)

O |

e p .
Q. = (1,-T,),

Z.mT
i e

where Tq is some characteristic electron collision time

1/2 ,.3/2
jid T
3 e e

m
u(?ﬂ)l/2 e Z.n_lnA
ive

T =
e

and 1n A is a Coulomb logarithm.

The tensors a, 8, and y are dimensionless functions of Zi
T

eB ‘e _ .

tnd — — Zw_ T s oW being the electron cyclotron frequency.
c m ce ¢ ce B

Their symmetric and antisymmetric parts are even and odd in B

respectively, and represent laws or effects well stablished in

other fields of physics

& ca (Ohm) +a_ (Hall)
s a

=<n
n
<

S(Fourier) +§a(Righi—Leduc)
N Seebeck = lpttinghausen . 9.
8 Bc[ Peltier ] Ba[Nernst ] for (ﬁ.e :
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If ray tracing is not required (negligible ray crossing)

the light energy flux is

S, =s.1. +s_1
L 171 rr

where the subscripts refer to rays incident and reflected (at

the critical surface)}. One then has2

s . z - . 8
v Si,r i,r kbrll,r (8)
- - _ - - 1/2
sl’r.Vsl’r = [7 si,r(si,r V)]ln(l-ne/nc) (9)
where kbr is the absorption coefficiente for inverse bremsstrah-
lung3
ne/nc
kbr B 2’

ct (1-n /n )1/
e e’ ¢

IV, DIMENSIONLESS PARAMETERS

System (2)-(9), together with the auxiliary equations for

9, Rie’ Qei’ and kbr’ and the expressions for Te and SL’ is a

set of ten equations for the ten variables

n v, T., u, eB/c, s. I. .
e’ i’ e i 7 *Tiyr’ Ti,r

~3

The system involves a number of dinensional parameters

and a dimensionless one (Z;).

Writing eT, =m_c x're/me in kbr ard defiping K(z) by setting

T X(z,) 137°
e T e
me Yo(zi) n,

we count eight parameters

n Le R, n_, m, kimgo ¥, and n.cs
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s

.

Y I is the limit form of vy in q_ for w__t_-~0. Note that K is
o e ce e
then the coefficient in Spitzer's thermal conductivity

K(Spitzer) =X TZ/Q;

we neglect its weak dependence on n, and Te due to the Coulomb
logarithm,

Five dimensionless combinations of the above parameters
can be obtained. However, if a dimensional analysis of Eqs. (2)-
(9) is carried out only four combination show up. A fifth one,
ncRa, the number of electrons in a macroscopic volume, involves
microscopic information for which our equations have no use.

Thus, finally, dimensionless results from the present for-

mulation will depend on the dimensionless numbers

1/3 .
NN 0 ; _Kad/2
S = J = 27 e
mn e L
— m
: MR : .8 2
Oy ¥ o, == (kLR) N
L m

and Z,.
i

V. ONE-DIMENSIONAL SOLUTIONS

For atomic number Z not tooc high, atoms in the corona are
fully stripped (Zi =2) and the dependence of the flow on Zj shows
no particular features. The main effect is that as Zi increases,
ion pressure and entropy per unit volume become negligible
against the corresponding electron values., There is a slight

simplification: Ti remains in Eq. (u4) only, and may be ignored




when determining all other variables.

Consider now target and irradiation that are both spheri-
cally symmetric. Current and magnetic field then vanish identi-

cally. As a result g, drops off the analysis, leaving 0,-0, as

y

remaining parameters.

. %
For ¢, small the corona is a thin layer (L mc;rL <<R)

1
that may be considered planar (one-dimensional, straight flows).
Introducing convenient, reference values of velocity and inten-
sity

_ =5/2—=.1/3 _ 2
U :(nCrL/m K) s Io :Wm/unR

we then use parameters To and U instead of o, and 04t

I 030 WK 53/2
T - 172 m
Io = 3 Tuw 2 2
ch 4nR ncTL
i/3 _1/3 =1/8
U: mU = 03 :nc ‘[L m
“m ¢ 1/3 =1/3 :
e a m ckK
2 e

One easily verifies that LC/csrL mIo.

For TO small we have LC <<L: conduction is restricted to
a thin sublayer, having both overdense and underdense regions
and lying next to the target. This sublayer may be considered

3/2 the larger region outside the layer

quasisteady. If W(t) «t
has a self-similar behaviour; as a consequence the entire problem
is reduced to rhe analysis of systems of ordinary differential
equations. For U/Yj/a small, inverse bremsstrahlung is negligible
and surface absorption at n, must be considered (Sec. VII). If

then W (t) «t, the entire corona has a self-similar behaviour,

leading again to ordinary differential equations.




For o, large (czx >>R), quasisteady conditions are at-

1 L
tained during most of the pulse, and the characteristic length

of the corona is R itself. We are led once more to ordinary dif-

ferential equations. Introducing a velocity

v z(a R/mIE)H/

we then use parameters W and V instead of 9, and 04t

3 3/4 = 3/4 ~7/8
7. I, 040, _Wm K W
= - = Py s
0 V3 by ”Ril/u n7/“
c c
o 53/8 Ri/Hnl/u
7z mvV 3 c
I —1/4
e o, m,C K
One easily verifies that LC/R NW“/a. For Wu/S small we have

Lc <<L: conduction is restricted to a thin layer having both
overdense and underdense regions and lying next to the target.
For V/W small,inverse bremsstrahlung beconmes negligible.
Consider next a foil tarpget. For 04 large, the flow will
be quasisteady and divergent, but only in a crude sense may it
be taken as (hemispherically) symmetric; B and U effects will

be essential to the analysis. For g, small, however, we again

1

have a thin corona (L %Czr <<R), which may be considered planar

L
if, as usual, transverse variations across the laser spot have
its radius R as characteristic length. One may then repeat the
previous discussion on TO and U, just omitting the factor 1/u
i a 1.
in Io nd Io

In all above cases, universal laws for quantities such as

peak electron and ion temperatures, mass ablation rate, ablation

pressure, and fractional absorption can be obtained. The 1laws
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are analytical in a sense usual in fluid mechanics: they re-
present dimensionless functions of a few dimensionless parame-
ters, result from ordinary differential equations as nonlinear
boundary value problems, and usually involve eigenvalues deter-
mination by requiring the crossing of some singular points.

There is ciearly a richness of behaviour depending on
coronal length relative to pellet or spot radius, conduction-
to-coronal length ratio, fractional inverse bremsstrahlung ab-
sorption, and even ion-to-electron energy storage ratio. That
richness is necessarily reflected in target implosion.

An example is the implosion of a thin foil. The hydrody-
namic efficiency ny for its acceleration is a function of the
ratio of ablated mass 4M at the end of the pulse to the initial
mass M_. The function nH(AM/Mo) was calculated for different co-
ronal regimes.u The efficiency was found to depend substantial-
ly on the particular regime considered (Fig. 2 of Ref. ).

Quite detailed results on coronal flows in different re-
gimes have been obtained for both planar‘5 (o6, ~0) and spher‘ical6

1
(o

1 +») conditions.

VI. WEAKLY TWO-DIMENSIONAL FLOWS

When target or irradiation conditions are not perfectly
symmetric or uniform, coronal flows become two-dimensional and

the parameter ¢ characterizing current and magnetic effects,

y?
enters the picture. The analysis of such flows may be quite com-
plex.

Particularly simple are problems that may be considered

as only weakly two-dimensional. The main examples are the analy-




sis of a) the stability of ghe 1-D flows of Sec. V, and b) the
smoothing of impressed, weak, nonuniformities in irradiation or
surface finish: i.e. perturbations of the Sec. V flows. The ra-
tio of perturbation wavelength to coronal length is an additional
parameter characterizing these problems.

Since both B and u are then small quantities, one finds

with all generality that

= Pe — By Te ©B
Rle :—ne[;— aou +E— — AVT +B°VTe],
e o e
_ " Te eB __]
de =" Me e{ﬁ_ (YoVTe *EZ m_c AVTe]—Bou :

Then, Faraday's law becomes
o Y = B" 1 m
¢ (eB eB — o e e - _
a_t'( )*VA[ (vi———vTe)-—aou]-vTe,\vlnne (10)

and the first three terms on the right-hand side of Eq. (5) become

73/2 r3/2
= e - - = - e

-neTeu-vln -5 -v-qe-u-Rie +—neTeu-Vln +

e e

_ _ Yy t_e B
+ve (KT 2 91 )+V-{KT5/2 S & aWT ] (11)

e e e v.$ m_c e

o o e /

Note that only Ohm and Nermst terms enter (10), while the
U-convection of electron entropy, and Righi-Leduc conduction,
enter (11). The thermoelectric effects (Bo-terms) and the term
JAB/c in Eq. (3) drop out. On the contrary, the refraction equa-
tions (8), (9) are an essential part of weikly 2-D flows. The
Braginskii coefficients (ao, 82, etc.) only depend on Zi'

Problems of type b) (thermal and refractive smoothing)

have been recently analyzed in a series of papers.7




Full 2-D coronal flows can be simplified in special Limits

Consider first 9. large. For o, -G, Faraday's law generates a

y
current through Ohm's term, the heating in (5) is due to u con-
vection of entropy, and Ampere's law gives B, which is small

( <1). For g, +=, the 3B/3t and ViA'E terms and the Nermst

wcere < 4

effect enter Faraday's law, yielding B (now we have WoeTe 1),
Ampere's law gives a small u, and Righi-Leduc heating occurs. In
both the small and large a, limits, the force FA'E/C is negli-
gible. For 9, small the same results apply, if ofou is small and

large respectively.

VII. CORRECTIONS TO THE MODEL

i) Thermal radiation

For atomic number 2 not too large, and thus ions fully
stripped, the transport of thermal radiation has a simple des~-
cription if polarization and refraction are neglected: only brems-
strahlung processes and Thomson scattering are involved. Letting
Iv(ﬁ) be the specific intensity for frequency v and directional

. - 8
unit vector Q, we have

Q-vI (Q) =«
v

a\)[Ip\)--z\)('fz)]+

g, jaav;; [1+(@ A7) 1, (@-1,@], (10)

where the time derivative was neglected (crL >>R) and

hv /T
I =2hv’/c(e €_1y,
pv

-hv/T
[ 2 ne/nc 1-e e
lnA Te

! 13

av =31/2

Aw
ct

?
e (hv/T )3
e




3/2
=(2:)1/2 ( Te ] 1
sv Liln A mec2 et
For ar optically thin corona (L <<<;;1, K;i), Eq. (10)
becomes
QevI (Q) =!I .
v av pv
The thermal radiation flux, §th EJdv dﬁlv(ﬁ) %, is then given by
9.5, =0 neTe
th 31/2 InA mec21
e

2 -1, .
where a Ze /hc =137 ! is the constant of fine structure, and a

Ciunt factor g =1 was used. A term -V representing plasma-

Sth?
radiation energy exchange, should be added to the left-hand side

of Eq. (5). With the dimensioniess analysis of Secs., IV-VI, the

2/3 for o, large; since W is

large for usual conditions, rarely need thermal radiation be in-

above exchange term is of order aV/W

cluded in the analysis. Similarly, for o, small we have -V+S A

1 th
1/4 = =5/12
S

v Tj/IO . One easily verifies that the corona is indeed

optically thin; for 9, large, for instance, we have

~

=5 m
\ e
' R e e
Reav ¥ =773 [ —] >
" a

ii) Ionization energy

This effect was also ignored in tht model of Sec. III. If

jzej is the energy required to strip an atom off its jth elec-

tron, the total ionization energy is chjQ, j =1,2,...,Zi; here

€5 =IH x (a factor of order unity)
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=% amc = 13.6eV,

For Zi >>1, when the effect is largest, the total plasma energy
- -2 _
per electron is % mv2+% Te+l-sZ., € being some average value. To

3 i
. ) -2 . N w,=1/2
just get an estimate, we set mv® =T_ =Ty, I nc(Te/m)

x(2T2 +%12Z§) and € =10 eV (midway between 4 and 25 eV). Then

- % . L. .
we have Tz u1+Z§ e/QTe, the last term being the ionization correc-

tion, assumed weak. In dimensionless form, this term reads

n2T = g2 Z, 2
1 ~ a m 1 ~ [ 1 ) .
9T 1('3me V2W2/3 97?1/3

Typically 2 (=Zi) about 10-15 is the largest atomic number for

which the ionization energy may be reasonably neglected.

iii) Ionization state

For Z large enough, the ion charge number Zi lags behind
it. This fact introduces complex atomic bhysics into the analy-
sis. First, some appropriate value for a mean Zi must be deter-
mined as part of the problem; the ion populations for different
ionization states may in fact be needed. Secondly, line emissioxn
and absorption, frequently quite large, will need be accounted
for in the radiation transport; the plasma-radiation exchange
must be considered in the plasma energy balance. Finally the io-
nization energy will also be substantial.

Both high target atomic-number and special target design,
result in copious thermal (x-rays) radiation in the corona of
holraum targets. On the whole, atomic physics overwhelms fluid
mechanics in the holraum approach to laser fusion, By restricting

our study to the direct-drive approach, we explicitly exclude




targets with high atomic number.

iv) Non-classical heat flux

At a large ionization state, the mean free paths for ion-

electron scattering, A ., and electron-electron relaxation Ae N

ei e
. . - 1/2
~vZ,),; are widely disparate. from Eq. (1),Lc xxei(m/me) , the
ratio
A
£€ nZ . (m /17)1/2
L i e

c
need not be small. One then expects that the hypothesis of a
local near-Maxwellian electron population may break down, invalid-
ating the classical calculation of transport coefficients. Ac-
tdally, i) the electrons contributing mostly to the heat-flux
have energy ¢ somewhat above Te’ and ii) their motion between
electron-electron collisions is a random walk; the condition for

a break-down of local thermal equilibrium for electrons is then

1/2 1/2

that Zi The crude expression q =

2 —
(c/Te) gets near (m/me)

1/2

=-fn T (T /m ) VT _/|9T_|, normally used under such conditions,
e e e'e e e

involves an "ad hoc", overall, flux limit factor f, that must

change with the regime of the zoronal fleow. A non-local kinetic

formalism should depend on the dimensionles number Zi/z(c/Te)Qx

«(m 2,

v) Plasma-light interaction

The fast (w-l) time-scale interaction between laser beam
and plasma electrons basically yields the dielectric function,
1—ne/nc, for light propagation, and the absorption coefficient
kbr‘ There are however additional interaction phenomena, not in-

cluded in our model.




i Z. i /A . ds rder 7., as
First, for Z; large, the ratio Ace el of o I
earlier noticed. This affects the classical result for kbr when
g : 1
2.1 /en T?Y reaches about unity.
i“o c'e
Secondly, (linear) resonance absorption cccurs at the cri-
tical density for oblique incidence and p-polarization. For weak-
ly two-dimensional flow, the absorption will depend on the value

of (A¥1ln ne)z/3

(1-ri-Vne/|Vnei) at N and may be of order unity.
Finally, (nonlinear) parametric efferts nay affect the
fate of light propagatins inwards, up to the critical surface.

Such inconvenient effects may be avoided by the use of trcead

laser bandwidrth.

vi) Target thickness

If the target i3 a foil, or a sphericall shell, so thick
that the inward movinjy perturbation has not reached its backface
Ly the end of the pulse, then an overall momentunm balance shows

that

inward velocitices ~c¢?
s

x /g et
Pe/Ptarget s

This inequality was the basis for the neglect of the receding
motion of the ablation surface, an essential point In our model

for a coronal analysis. The target thickness aR is large enough

if
- 1/2 . 2
A > 1 3 3 .
R Lcs(pc/ptarget) or pc/otargetﬁ(AR/csTL) - (11
i., bowever, the opposite is true, then we have
C:‘: 1 0
inward velocities nc¥ x>k x—L
s AR P
target
so that the receding motion may be neglected if
—209-- .




% s 1/2
ths(oc/p ) <<AR<rLcs(pc/p )

target target

The first inequality, weaker than (11), basically means that the

ablated mass fraction be small. For a spherical shell of radius

R, the pulse will be on,at shell collapse,if

- 2 1
el > (Rar) % (o Jo )12

or

AR <TLCs(pc/ptarget) XCsTL/R'
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SELF-~SIMILAR EXPANSIONS IN ION BEAM FUSION

A. Barrero and A. Fernandez
Department of Thermo and Fluid Mechanical Engineering.

University of Sevilla, 41012 Sevilla, Spain.

The self-similar expansion generated by an intense
light ion beam pulse of energy per nucleon Eb=Eo(t/1)p
and current intensity Ib=Io(1:/r)2‘)'1 (0<t<t) impinging on
a planar target is considered. The structure of the expan-
sion flow is analyzed and profiles of beam density and ve-
locity and density, velocity and temperature of the plasma
are found from the analysis. Quantities of interest in iner-
tial confinement fusion such as the ablation pressure and
the mass ablated rate as functions of time for several
values of the law time exponent p are obtained. The ac-
celeration efficiency of thin foils, defined as the fraction

of absorbed energy that goes to foil kinetic energy as func-

tion of p has been also calculated.

. N < . ™ .
)a.ya'i!&( oy ot f‘?ﬁ‘1~ v

(ov\{voz’e d REVERR NN
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1. INTRODUCTION

In a recent paper (Ferndndez and Barrero 1986) called
I hereafter, the authors found that the one-dimensional mo-
r tion generated by an intense ion beam pulse impinging on an
initially cold half-space of electron density ng becomes
self-similar when the beam parameters (energy per nucleon

E, and current intensity per unit area Ib). depend on time

b
as Eb=Eo(t/t)2/3, (0<t<t) and Ib= Io(t/r)l/a. They showed

that the plasma motion depends on a dimensionless number

311,53 3
a7 e meb(lnA)

4am m3E5
ie’o

n213I
o o , (1)

which contains the basic beam and plasma parameters, and
found two asymptotic limits for large and small values of
the parameter a; m, Z, e and lnA are mass, charge number,
electron charge and Coulomb logarithm respectively and sub§
cripts e, 1 and b refer to electrons, ions and beam. For
large a values which are usually found in light ion beam
fusion, with the exception of extremely short pulses, two
different regions may be distinguished in the plasma motion:
an isentropic compression region separated by a shock from
the undisturbed plasma, followed by a much wider expansion
flow where energy absorption occurs. A well defined abla-
tion surface exits in between (see Figure la). The analysis
yields quantities such as the ablation pressure and the
mass ablated rate which are of interest in inertial con-

finement fusion. As a decreases down to values of order of
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unity (Eo and I0 being larger and smaller respectively than
in the preceding case) the beam velocity is so large that
the boundary with the undisturbed plasma runs ahead of the
shock. The characteristic lenghts of the compression and
expansion regions becomes of comparable extent (see Fig. 1lb).
The plasma ahead of the shock is heated but not compressed
and the compression behind the shock is not isentropic. As
a goes on decreasing, the Eo and Io values being those of
heavy ion beam fusion, the shock intensity weakens and be-
comes a rarefaction wave (the plasma is heated but not com-
pressed) that runs for behind the undisturbed plasma boun-
dary since its velocity is much smaller than the beam velo-
city. The espansion flow region becomes very thin as com-

pared with the heating region (see Fig. 1lc).

In this paper we have considered the effect of the
time law on the hydrodynamics of the ion beam plasma in-
teraction. To this end, we consider a planar target impin-

ged by an ion beam whose parameters depend on time as

B, = E_(t/7)P , 1, = 1 (/0P (2)

and assume that the values of Eo. Io and v satisfy the con-
dition a>>1 (ablation regime). The expansion flows produced
in this cases, neglecting heat conductipn and radiation be-
comes self-similar since the restriction imposed by solid

density is relaxated (density becomes infinity at the abla-
tion surface as we shall see later). We have carried ocut an

analysis of these self-similar expansion flows for different
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values of the exponent p and the results obtained, which are

entirely independent of the compression region, yield both
the ablation pressure Pa and the mass ablated rate m as a

function of the beam design parameter Eo and Io, 1 and p.

We present the mathematical problem and introduce self
similar variables and equations in Section 2. The resulting
equations are analyzed in Section 3. In Section 4 we calcu-
lated the accleration efficiency of thin foils and finally,

the results obtained are discussed in Section 5.

2. STATEMENT OF THE PROBLEM.

The equations describing the expansion flow of a fully
ionized plasma produced by impinging a solid target with an

ion beam pulse are:

o, MYl (3
3t ax -
v avb
" (T V) = - R (4)
DPn v D ] 3
bt * ™% - % - (Ft 7 3% * VR %)
m.,n Z,+1 .
i Dv i 3
7 Dt = - -Z—’ -a-;(nk'l') + R (6)
1 1
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At

2
3 miv Zi+1 3
= ——[E(Zi+1)kT + ——2—-] = - - ;(nva) +R(vb-v) s (7)

n D
Z, Dt
i

z,

where n, v, T are density, velocity and temperature respec-
tiely, m, Z and k are mass, charge number and Boltzman's
constant, and subcripts i and b refer to ions and beam. We
have assumed planar geometry, and a quasi-neutral, collisioﬁ
dominated plasma. The beam, which is considered both cold
and neutralized, transfer to the free electrons a momentum

per unit volume and time R given by

nn v
R = 4ﬂe4251nl\ 3 e b 1/2] , (8)
m.vy (2kT/me)
24
)
oly) = 28 %] exp(-t2)at - yexp(-y2)]) (9)
[o]

MIYAMOTO (1980), JACKSON (1975%);: e, m, and lnA are electron
mass and charge and Coulomb logarithm respectively (the weak
dependence of 1lnA on n, vb and T will be neglected in our
analysis). Notice that we do not include the effect of the
inellastic collisions on the stopping power, so that we

should only consider low Zi targets, NARDI et al. (1977},

MELHORN (1981), OLSEN (1885).

The beam pulse, starting at t=0, is incident from
Xx = -~ = on the solid half~space x>0; assuming that the beam

parameters depend on time as

Iy(t) = eZyn (-=,t)v (==, t) =T _(t/0)%P71 | (10
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and
B () = mvZ(oe,6)/2 cg(e/0)P , (0st<n) L (1
we may introduce self-similar variables
ug (€)= vy (x,£) /28 _/m ) 5t/ 0)P 2] . (12a)
v (&) = (eZb/IO)(ZEO/mb)%nb(x,t)(t/t)l—ap/z' (120)
w(£) = nix,t)(t/r) 73P2, "2 ., (12¢)
ulg) = v(x,t)/[(ZikTr/mi)yz(t/T)p/z) , (124d)
8(§) = T(x,t) /(T _(t/0)") , (12e)
£=x/ [(zikTr/mi)'/zr(t/r)p/z*l] , (121)

to transform Equations (3)-(9) into the system

“bub = 1 R (13)
du
b v %
G = -3 ° (Bu, /8") , (14)
Yy
R_ (B dv  dlvu)
(35 1)v (2+1)£dE 9t =0 (1)
Z.+1
19 B du du , _ _ i T dlve}
v[2u-(2+1)5d5+ud}:]_— 7 3t . (16)
2 Z.+1 2 Z.+1 Z.+1
(8o, 31 ° P d o w” 37i " i " dlvus)
»[p(z +5 Z] 8) + [u-(2+1)ﬂd€(2 +3 Zi'eq-— 7 3t
vV
+ ——20 , (17)
Yo
where
g (m E /m kT )7 (18)
- e o b r '
—218—




—

—_————

L S TP

and to simplify the equations, we chosc a convenient re-

ference temperature and density

3
2ne Zb(lnA)rIomb

Tr = TRE , (19)
e o
and

m3m ]
e i o %

n = ) , (20)

r 2n3e1125(1nh)3r3m32.1

b b i’o

1,
and neglected terms of order of [meikTP/(ZmiEo)]é which are
assumed small (the case of interest in ion beam fusion). No
tice that equations (13) and (14) show the quasi-steadiness

of the beam motion.

For nr<<nO (nobeing solid density) there exists a well
defined ablation surface separating the rarefied expansion
flow, where the absorption energy occurs, from the high
density compression zone on the right.‘It is worth to notice

that inequality nr_<<no corresponds to condition a>>1.

For a proton beam pulse {(2Mev, 107Acm—2,40 ns) impin-

ging on D~T pellets ( n,= 5x1022cm-3). one has n. = 3.5x10

-3 S e s
cm T, sc that -onditijion nr<<-v.o {or a>>1) may be well accom-

21

plished for light ion beam fusion. On the other hand, the
ablation regime will not usually develop for heavy ion beam
fusion (except for very long pulses) since the values of the
energy per nucleon Eo and current intensity Io are larger
and smaller respectively than the corresponding ones for
light ion beam fusion. The regime a<<l (heating regime) for
the case p=2/3 was analyzed in paper I; a qualitative view

of the plasma behaviour when parameter o goes from large to
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small values was also given there.

The implosion velocity of the ablation surface is
slow when compared with velocities in the expansion flow,
so that to analyze the expansion in the ablation regime,
the ablation surface may be set at £=0, where to match with
the cold high density compression region the density goes
to infinity, both temperature and velocity vanish, and the
pressure takes a finite value; then for values of the beam
and plasma parameter such as nr<<no we may write as boundary

conditions
u==2e-=20 , ve = ¥ R at £ = U (21)
where v is an unknown constant defined in terms of the abla-

tion pressure as:

YoE (A ARTL. (22)
1 r r

In addition, at the plasma vacuum interface xv(t) (which
must satisfied the condition dxv/dtzv(xv,t)) we have zero

density and undisturbed values of the beam parameters:
v=0 , v, =u_ =1 at £-+>2u/{p+2) i (23)

notice that system (15)-(17) must be solved subject to six

boundary conditions since y is unknowne

3. GENERAL SOLUTION OF THE EQUATIONS

It is ease to verify that the solutions of system (13)-

(17) satisfying conditions (21) behave in the neighbourhood




of £=90 as
8 = A(—C)1/3 , (24)
v= (v/a)(-g)Y/3 . (25)
u=-pB(-g)/3 , (26)
up = c(-g)t/® , (27)

where

c = [ 8L (ac/a¥)y?/? . (28)

2
B = zic /[57(Zi+1)] , (29)

and A is an arbitrary constant. On the other hand 2quations
{(17) ana (16) show that the temperature in the plasma wvacuum

boundary (u=(p+2)&/2,v=0) is given by the expression

) . (30)

For the numerical integration of system (13)-(17) we
start from the origin with arbitrary values of A and y and
sweep through them until we find the solution that allows
for satisfying conditions (23) and (30) (ub=1. e:ev) at the
plasma vacuum boundary. Figure 2 shows profiles of 8, u. v,

¥y and u, as a function of the dimensionless distance g for

a proton beam impinging on D-T (Eo = 2Mev, Io = 107 Acm—z.
v =40 nsec, p = 4/3). For this case we have nr=3.5x1021cﬁé,
7
Tr = 1.39x10 2?K,8B8 = 0.95 and numerically find A= 0.278 and
Yy = 0.24.
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Once the expansion is determined one may calculate the
ablation pressure Pa and the ablated mass rate per unit area

m as a function of the parameters of the problem:

( ( )52-1 P (p)(t/ )Sg—l (31)
P =[(Zi+1)nrkTr/Zih p)(t/t = P v(p T R

- %, xBipl} 2p-1 _=xB{p) 2p-1

m —(mikTr/zi) N A () (t/x) = mZiA(p)(t/r) , (32)

in terms of the beam and plasma parameters Fa and ™ become

- Zl+1 AiEzlo %
Pa = 5.9x10Q -2——[———§—~— Mbars , (33)
i ApZpZ;T
2
E"A,
F = 1.75x10° éL —5151 gem2s™l (34)
i AbeT
where Eo' Io,and 1 are in KMev, Acm-2 and nanoseconds respec-

tively. Figure 3 and 4 shows the ablation pressure and the
ablated mass rate as a function of time for several values

of p.

4. ACCELERATION EFFICIENCY OF THIN FOILS

The obtained results may now applied to determine the
acceleration efficiecy € of thin foils impinged by an in-
tense ion beam. This efficiency is defined as the fraction
of absorbed ion beam energy that goes to target kinetic

energy

———

€ = MU2/[2 E ()T (t)(ez )‘ldc] s (35)

b

[o]




The unablated mass foil per unit area M and its velo-
city U, assumed uniform throught it, are given by the equa-

tions

dM

—— o - 36

3t I ) (386)

du

av _ _ . vi
Mdt = Pa (37)

From (36) and (37) taking into account (31) and (32) we

arrive at

=2
3 Pa v(p)A(p)eZb

€ = = F(a) , (38)
m B(p)EOIo
1/4
- - A
F(a) = A (2tan tal/? kAo 4a1/42, 5 esa , (39)
3/2 1/4
A 1-4
where
A =1 - M/Mo = myBr/(ZpAMOZi) ) (40)
Mo being the initial mass per nuni% cre~. F-=~!'. .. arrive
at
3 Zl+1 > A.Ei 2
€ = .84x1077(~5==)° —==3 1p— , (4a1)
i Abeleo

where Eo and Mo are given in Mev and gcm_2 respectively. Notice
that the acceleration efficiency depends on the time law
through the values of yz/p. Table I give values of Yzlp as
a function of p. For given values of the beam and plasma
parameters, our calculation shows that the efficiency for

P=1/3 is three times larger than that corresponding for p=2.




5. DISCUSSION OF THE RESULTS

We have considered the self-similar expansion flow of
the ablated plasma produced by irradiating a planar target
with an intense ion beam pulse of energy per nucleon Eb =

P . . . 2p-1
Eo(t/t) and current intensity per unit area Ib=10(t/1)

The analysis is valid for large values of the parameter

2

3 -3,,2 -2 3
53 LN [n (cm R Io(Acm Y[ 1(ns)]

>l o

az1.18x10" (42)

i (£ (Mev)]®

and the obtained results for the expansion are completely
independent of the target compression. Profiles of density,
velocity, temperature and beam density and velocity in the
expansion for several values «f the exponent p are obtained.
Figure 2 shows this profiles for the case p=4/3 and B=0.95.
We also found the ablation pressure Pa and the ablated mass
rate m per unit area. Figures 3 and 4 show the values of Pa
and m as a function of time for several values of p. The
ablation pressure rises with time for v22/5 and the final
pressure at t=1 grows with p (the final pressure for p=2 is

about a 30% larger than the pressure obtained for p=2/5).

The acceleration efficiency ¢ of thin foils impinged
by an intense ion beam has been also calculated. Equation
(41) gives the efficiency as function of the beam and plasma
parameters and the results given in Table I show that the
value of the efficiency is multiplied by a factor of 3 when
the law time exponent p ranges from 2 to 1/3. Assuming a D-T
foil 1 mm thick (Mo = .21 gcm-z). equation (41) yie ds €=.013

for p=2/5 and €=.005 for p=2.



Notice that from an inertial confinement view point
the regimes corresponding to a~(1) are more approproate than
those corresponding to @>>1 since the expansion to compression
energy ratio for a~(1) is smaller inthe former than in the

; 1/%
latter case. The weak dependence of EO with a (onc ) sug-
gets that the condition a=1 may be used to find the optimun
value E_ for a given I

o o

N\
- o)
Eo = 11.18x%x10 " {————Fm———= . (43)

. . -3 -2
where no, t, and Io are given in cm , ns, and Acm res-

pectivaly.

Finally it is worth noticing that the influence of ra-
diation transport may be evaluated since the hydrodynamical
equation including radiation becomes self-similar for p=0 if
an optically thin plasma model is assumed. The results show

that radiation is indeed negligible.




TABLE I
r P 1/3 2/5 172 2/3 1 2
2
Yy /p | .097 .080 . 066 .055 .052 .033
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Finite ion-relaxation and nonequilibrium radiation
effects on laser-driven implosions

T. Yabe and K. A. Tanaka

Institute of Laser Engineering, Osaka University

Yamada-Oka 2-6, Suita, Osaka 565

Abstract

The implosion dynamics of recent experiments with
high-aspect-ratio laser-driven targets are re-examined
by taking account of finite mean free paths of the
ion. The mean free path is found to be comparable to
the fuel size and this can cause a significant depar-
ture from a fluid-like descripticn. One of such ef-
fects stemming from the finite mean free path of the
ion, real viscosity, seriously changes the results ;
the compression ratio becomes 5 times smaller with
this real viscosity. In addition to this, inclusion
of non-LTE(local thermodynamic equilibrium) atomic
process is shown to critically determine the implosion

dynamics.




During implosion experiments in past several
.years theorists met a serious difficulty in interpret-
ing the neutron production from ordinary (not thin) D-
T filled GMBs (glaas microballoon) ; the theoretical
prcdiction was many orders of magnitude larger than
the experimental results on neutron yield. One of the
reasonable explanations cn this Jiscrepancy was
clearly presented by a French group' ; t!.: cxperimen-
tal neutron yield can be well replicated by the one-
dimensional hydrocode if only the neutron yield from
the first shock reflection is counted and that from
the following auiabatic ccmpression is disregarded.
This conclusion has been confirmedz from the com-
parison between the experiments performed at ILE and
the simulation with HIMICO?,

Once the origin of the difficulty has been found,
it is natural to consider that the experimental result
should become closer to the theoretical prediction if
the neutron production at the first shock reflection
could be much higher than that from subsequent
adiabatic compression ; in other word, shock collapse
and adiabatic compression simultaneously occur without
delay. This idea is very close to the collapse of the
multiple shock waves analyzed by Kidder* and Nuckolls
et als.

Along the above guide lines, the author designed

a target for the GEKKO XII neodimium glass laser sys-




tem and achieved 10!? neutrons?., The experiments per-
formed at LLES$(Laboratory for Laser Energetics,
University of Rochester) may also be along the same
line. However, there still remain some uncertainty in
the results with hydrodynamic codes HIMICO.

In this letter, we will point out two critical
aspects in the implosion physics which may seriously
change the results but have not been considered before
; one is a finite ion mean free path A and the other
is the atomic process. In case of the high-neutron-
yield experiment given in Ref.2, the ion density and
temperature are about 102! to 1022 cm-3 and 10 keV.

In these plasmas the mean free paths are A =1000 to 100
um ; this is comparable to the final target radius 50
to 100 m. Since the structure of the shock wave is
determined by this mean free path, the shock wave mny
not be clearly formed with such a long mean free pat.
However, when we use the artificial viscosity?’ in the
code, a fictitious shock wave can be formed. In order
to observe this effect , we performed a similar cal-
culation as in Ref.2(EXP-B) by adopting a real vis-
cosity Q as®

Q= -niTi7 VvV .v, (1)
where n; and T, are the density and temperature of
ions and v is the ion velocity. 1t 1is the ion-ion
thermalization time and is 1 to 0.1 nsec for the den-

sities and temperature given above. Although the for-




mula (1) for the viscosity is not the exact one, we
adopt it for numerical simplicity. This @ is added to
the ion pressure both in momentum and energy
equations. As in the case of electron thermal
conduction, a well known flux limit

Quimit=nimiveyVv (2)
should be imposed to maintain the validity of the for-
mula (1) for A ~ v -1 , where m; is the ion mass and
vry the ion thermal velocity..

The implosion dynamics with the artificial vis-
cosity (AV) and the viscosity given by Eqs.(1) and (2)
(RV) are depicted in Fig.1 ; the flux limit f. for
thermal electrons is 0.03%2:%, The mean free path of
AV corresponds to the size of only a few meshes so
that the shock wave is formed within a few
meshest!®(Fig.1(a)], whereas the calculation with RV
(Fig.1(b)] dqes not shnw any well-defined shock
structure. The various quantities obtained with these
models are compared in Table 1. The neutron yield
does not differ 80 much in RV and AV with non-LTE
model, whereas the minimum diameter with RV is larger
than that with AV. This is due to the "ion
preheatirg” of the fuel before final compression by
dissipating the kinetic energy through viscosity. 1In
the previous study?, we used a large fraction (20% of
the incident energy) of "warm" electcons (treated by

multi-group model with two times larger temperature
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than thermal electrons; this simulates the higher
energy tail of thermal electrons), thus iﬁcreasing ar-
tificially the fuel "electron” preheating, otherwise
the compression ratio becomes higher as in thg case of
AV with noﬁ-LTE in Table 1. In all calculations used
here, however, we used only 5% of suprathermal
electrons consistent with the experimental value. Al-
though the compression ratio with RV model is
improved, the neutron yield is still 10 times larger
than the experimental one. This reason will be dis-
cussed later on. .

In reality, however, physics could be more
complicated. 1In Eqs.(1) and (2), we used the ion tem-
perature to estimate the ion mean free path. Near the
collapse center, extremely high-speed(~ 108 cm/sec)
ions collide with each other.and hence the mean free
path of these ions should be estimated by the drift
velocity not by the slower thermal velocity. The time
evolution of the mean free path and collision time are
shown in Fig.2, and the mean free path estimated with
the drift velocity is about 30 times longer than the
thermal one. 1If this is true, the ion temperature
given in Table 1 becomes meaningless ; two counter ion
beams can give an "effective" temperature but most of
the physical processes based on the thermal ions in
the Maxwell distribution become invalid.

When the ion-ion thermalization time 1 (0.06-0.1




nsec)is comparable to the neutron production time (~
O.1lnsec) as in Fig.2, the fusion reaction should also
be re-examinedi!, In such a situation, ions pass
through each other without relaxing to thermal ions
and escape towards the pusher. In one sence, this
phenomenon is similar to that pointed out by Petschek
and Hendersont!? ; jons responsible for the fusion
reaction escape from the reaction region. Interest-
ingly this argument may also explain the discrepancy
of the neutron yield in between the experimental and
gsimulation results. In the previous case?, the
neutron production stopped when the reflected shock
wave reached the pusher because of pusher-fuel
mixingt2?,i1¢, Following our argument, almost colli-
sionless ions pass through each other at the center
and then reach the pusher being absorbed in the pusher
material and thus the neutron production stops. In
both cases, the fuel mixes with the pusher, but dif-
ference is whether the mixing comes from the
hydrodynamic instability!?:14 or collisonless
naturet!?, If the fusion cross section!s is estimated
by the relative velocity vp=2X 108 cm/sec and the
reaction time igs determined from Re¢/vy = 25 psec (R
is the final fuel radius), neutron yield becomes (1/4)
6 veni2(4x /3)Rg4/ve ~ 8.6X% 101!, which is very close
to the experimetal one. On the contrary, if we use

the Maxwell-averaged cross section at 10(7.4) kev ,




————

the peak fuel density 0.32(1.39) g/cm?, and the final
radius 56(34.4) um as in the case of RV(AV)} in Table
1, then (1/4)<o v>ni2(4x /3)Re*/vry ~ 1.1(1.6)%x 1013
these are very close to the results in Table 1.

Here arise many future problems. Cne is how to
describe the finite ion relaxation in the hydrocode.
For example, non-local treatment of ion viscosity is
needed, or we may directly solve the collisionless
ions by a particle code. As is well known, even in
such a collisionless plasma a shock wave may be
formed!ié ; two-stream instability may give rise to
anomalous dissipation but the Mach number can not be
so large. Furthermore, the interaction between fuel
plasmas and pusher in such a long mean free path case
becomes similar to the ion-beam driven fusion ; the
ion beam causes the mass ablation of the pusher lead-
ing to fuel-pusher mixing. From the experimental
point of view, if the ion velocity distribution is not
the Maxwellian (but rather beam-like}, the data decon-
volution from neutron signals should be re-examined.
These will be future subjects.

We should point out another important effect
which needs a further investigation ; that is the non-
LTE radiation physics. As shown in Table 1, the
neutron production in LTE calculation is significantly
smaller than others’. The reason for this is apparent

in Fig.3, where the sgpatial profiles at 0.5 ns (This
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time is measured from the laser peak) are compared be-
tween LTE and non-LTE. In non-LTE because of the
larger mass ablation of GMB, the less remained shell
is accelerated by 1.5 times faster than in LTE. 1In
LTE the GMB is completely ionized at lower density and
hence the opacity there drops. In this case, the
radiation escapes preferentially towards the lower
density side!?. Actually the radiation loss (towards
the vacuum) in LTE is 1.5 times larger, In contrast,
in non-LTE hydrogen-like ions still exist even at a
relatively lower density ; these ions provide an
opacity slightly larger than the case of LTE model and
hence the radiation flux towards the high density side
is about 2 times larger, leading to higher mass abla-
tion ratet!'?®. It should be noted that this does not
mean the plasma is optically. thick.

The reason why the neutron production with LTE
model is significantly smaller than others is due to
the time delay of the peaks of density and
temperature; temperature peak given in Table 1 is at-
tained 0.1-0.2 nsec before the density peak and the
temperature at the density peak is about 2 keV, at
this temperature fusion cross section is order of mag-
nitude smaller than that at 7 keV. In non-LTE(AV),
peak temperature 7 keV occurs almost in phase with
density peak.

In summary, the implosion dynamics of recent ex-
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periments with high-aspect-ratio targets is re-
examined by taking account of the finite jion mean free
path. The ion mean free path could become comparable
to the targét size in the experiment? and hence this
non-thermal effect of the ions may explain why the
calculated compression ratio was quite larger than the
experimental one?:¢, The instability and two-
dimensional effects might also be one of the origin of
this discrepancy!® but all the calculations which used
the artificial viscosity should be re—examined even in
two dimensional calculation®:1¢:19%, It is still to be
investigated whether the hydrodynamic instability can
still occur in such a collsionless plasma.

The atomic physics is also shown to be sensitive
to the implosion dynamics. The average ion model?
used here should be re-examined further since the
small fraction of H-like and He-like ions are respon-
sible for the opacity and the use of the more advanced

model2°:21 will be an interesting future subject.
The authors would like to thank Prof. K.Abe at

the University of Tokyo and Prof.K.Niu at the Tokyo

Institute of Technology for invaluable comments.
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Table 1

minimum
Ty Ny fuel diameter
{um}
(keV]} {x 10t2] (denaity g/cm?)
EXP-B? 6.6-8.6 1.25 100-140
(0.29)»
non-LTE 10.9 16.5 112.0
(RV) (0.32)®
non-LTE 7.4 11.9 68.8
(AV) (1.39)»
LTE 4.6 2.2 50.0
(AV) (3.5)¢
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Figure Captions

Fig.1 : Fluid trajectories calculated with (a) artifi-
cial viscosity and (b) real viscosity with non-LTE
model. In (a), the first shock wave arrives at 0.55
nsec and is reflected back to the pusher. In (b),
however, this reflected shock and other subsequent

shock waves do not show up.

Fig.2 : Time evolutions of the mean free path (A1 ) and
the collision time (7 ) ; A (T) and T (T) Aare es-
timated only with the ion temperature at the mid point
oi fucl, A (V) is estimated with the implosion
velocity at the center (the error bar is due to the
density changed). The dashed line denotes the radius
of the pusher-fuel interface. This resull is given

with RV, non-LTE model.

Fig.3 : Spatial profiles of the ion density and
electron temperature in LTE and non-LTE at t=0.5 nsec.

p r is measured from the inner boundary of the GMB.

Table 1 : Comparison amrng the experimental results
and various models. *-:fuel density (g/cm?) estimated
with the experimental result? on Ar line. b.fuel den-

gsity estimated by the mass conservation.
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GENERATION OF HIGH BRIGHTNESS 10N BEAM FROM [NSULATED ANODE PED

Yoshinobu Matsukawa
Research Institute for Atomic Energy, Osaka City Univarsity,

Sugimoto 3-3-138, Sumiyoshi-ku, Osaka 558, Japan

Generation and focusing of a high density ion beam with high
brightness from a organic center part of anode of a PED was reported

4) Mass, charge and energy distribution of this beam

previously'?”
were analyzed. Three kind of anode were tried. Many highly ionized
medium mass ions (up to C“*, 0%%) accelarated to several times of

voltage difference between anode and cathode were observed. In the

case of all insulator anode the current currind ty th~ medium mass

ions is about half of that carried by protons.

For power concentration by ion beam, it is necessary to increase
the brightness. In order to obtain a diode with high brightness, some
atempts to decrease the divergence angle have been made for MID but an
alternate approach is to increase the current density far PED.

It was reported previously that the high density ion beam with
high brightness is generated around the apex of the anode of a conical
PED'’ and it was also reported that the ion beam from a concave insulator
spherical apex of anode (its radius is 2cm) was focused on ils center of
curvature in the vicinity of the source®’. In that experiment three kinds
of anode for other part of anode excepting the concave insulator apex
were tried. Anode A is made from insulator only (Fig. 1-A). Anode B
consists of floating metal anrd insulator (Fig. 1-B). Anode C has insula-

tor part of 6 cm diameter around the concave apex i1n addition to the




A

C
Insulator cem
0 4 Fig. 1
Metal L J

major metal part (Fig. 1-C).

The zenith angle distribution of the ion beam current density to the
center of curvature of the concave spherical apex was measured by a bias-
ed ion collector embeded in the cathcde basement as shown in Fig. 2.

In the case of anode C the total

.

ion current is 2.6kA and the current \\\

densily on the anode surface at the ﬁ-E

center is 1.05 kA/em? *2. In the U]
- — . ] l—-
o

case of anode A the total ion current z

—

is 8 kA and the current density at [

the center is 4.3 kA/em® *°.
These values are about three times as Fig. 2
large as those in the case of ancde C. From the damage of a plate fixed
at the center of curvature it was known that the ion beam from the con-
cave spherical apex of the anode is focused within the region of 5mm in
diameter.

Thus in the most powerful case the ion current density and the power
density at the target attain to about 40 kA/cm® and 0.8~1.0x10'%/cm?
respectively®’,

The measurement of the charge and the mass and the energy distribu-

tion of the emitted ions was studied by a Thomson parabola analyzer. Fig.




3 shows the arrangement of the diode and the detectors. Fig. 4-a,b,c and d
show the trace of tracks c¢f ions on CR-39 plate. It can be observed that
many multi-charged ions of medium mass (carbon or oxygen) are emitted.

In the case of anode A as shown Fig.4-a and 4-b the medium mass ions

Thomson Parabola

Analyzer

Djode ﬁl
/—‘1 l\ ] CRr-139

BIC
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up to 0% ions are detected and the component with high intensity con-
centrates within rather narrow region near a velocity line of energy and
momentum coordinate of Thomson parabola screen (CR-39), but this velocity
is different from that of the proton beam. On the other hand in the case
of anode C, the velocity distribution of the medium mass ions is broad
and intensiy is more uniform and 0%* ions are not detected but ions with
lower charge than C“+ or O5+ are detected (Fig. 4-c). In the case of
anode B the energy distribution of medium mass ions is similar that in
the case of anode A (Fig. 4-d).

From these distribution it can be known that even lower charged
medium mass ions (C+.CZ+.O+ or 02%) are accelerated into the energy above
about 500keV up to about 1MeV, these values are higher than the caergy
accelerated by the voltage difference between anode and cathode directly
(see VD on Fig. 5).

The temporal variation of the ion beam current was measured by a
biased ion collector at the vicinity of the diode (Fig. 2) and at the
distance of 50cm from the diode (Fig. 3).

In the case of anode A and the measurement at 50cm, two separated
signal of the ion beam was detected correspond to the proton beam and the
medium mass ion beam as shown in Fig. 6-a. The peak value of the former
is about twice of that of the latter. If the ior beam was generated at
the peak of the diode current, the velocity of the prcton beam and that
of the medium mass ion beam known from the time of flight are nearly
equal to the each velocity of two groups known from the pattern of tracks
on the CR-39 plate. In the case of anode C the signal of ion beam is not
separated clearly compared with in the case of anode A (Fig. 6-b).

Following interpretation for these results is considered. Many

highest charged ions (C** or 05+) are produced and accelerated by the
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Fig. 6

static potential between the anode and the cathode (150~300kV) and after
then charge of some ions reduce to lower charge by recombination with
electrons or charge cxchange interaction with neutral atoms or lower
charged ions. lons with charse lower than the highest charge are also
neutralized by the samc interaction and might become even the fast ncutral
atoms which cannot be detected.

[f this interpretation is reasonable, the total kinetic power
density of the particles of the medium mass ions JFEp'(Zni)thhchK

extracted from the diode and focused on the taiget s greater than the




il

value estimated frum the current density and the voltage difference
JiVAKf(ZniZie)vthK, because the effective charge of the medium mass

particle is less than Zh' where JF.E .ni,vh.Zhe are flux flow density,

P
particlie energy, number density of ions in the ith state of charge,
velocity and charge of the highest charged ions and Ji.Zie are current

density and charge of ion in the ith state of charge respectively.
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THE APPLICATION OF RUTHERFORD BACKSCATTERING
FOR ANALYZING MULTILAYERED STRUCTURE CHANGE
INDUCED BY PULSED ION BEAM BCMBARDMENT

N.SASAKI, N.TAKAGI* and S.YANO

Department of Nuclear Engineering

Kobe University of Mercantile Marine
5-1-1 Fukaeminamimachi Higashinadaku Kobe
658 Japan

Abstract

Using the proton backscattering technique, plane-
shaped samples consisting of a double layered film
Pb/parylene (polyparaxylene) chemicallyAdeposited on
a silicon plate were analyzed after bombarded by
pulsed proton beams of about 400keV with different
current densities upto 1kA/cm2. We obtained very
clear backscattering spectra indicating changes of
the layer-structure caused by LIB bombardment. Almost
all Pb-layer was" ablated, and the boundary between

parylene and silicon became diffusive. This method

is proved to be .very useful for analysis of LIB
bombarded samples.

1. Introducticon

Intense pulsed ion beams can be used to produce an
instantaneous strong heat load near the surface of the
target material. Effects of ion beam bombardment depend
on the power deposition rate and the energy of the ion
beam. For high energy density beams with the deposition
energy of over 107J/g in several tens of ns, we predict
strong implosion of the target material relating to the
ICF research. Pulsed ion beams of intermediate intensity
of kA/cm2 with the deposition energy of fv104J/g are
considered to be useful to study material behavior at

instantaneous strong pressure and temperature rises.

* Present Address: Tokyo Institute of Technology
Jukayama, Tokyo




We have started to study bombardment effects of pulsed
proton beams of kA/cm2 onto multilayered solid surfaces
using our LIB device. Around this beam intensity, the
surface materials may not completely be lost, but the
remainder of the materials will be expected tc change the
layer structure, In the present experiment, we are
investigyating the effectiveness of the beam current density
on the following properties: (1 loss of any surface layer,
(2) changes in their boundary layers, and (3) if any, a

tamper effect of surface coating with a heavy material.

2. Analytical method and experimental procedures
2.1 Target structure and sample preparations

To make clear bombarding effects we used double layered
targeis: the outer layer is lead and the inner one is
parylene(polyparaxylene LC8H7C13 n ). Since parylerie has
low thermal conductivity, heat deposited by a strong pulsed
proton beam has enough time to diffuse through this material.
Therefore, the layer will melt or vaporize at rather small
current density. Moreover, an instantaneous strong pressure
and temperature increase in the parylene layer will ailow
atoms or molecules of parylene to diffuse intc the siiicon
or Pb surface at their boundaries. Rutherford backscattering
is thought to be useful to analyze these structural changes
of the rultilayers.

We have used Si-plates with 3mm thick and i5mm square,
as a subsirate material, because Si is of high purity
material with low atomic weight and can be polished to a
very flat surface. After polishing with 3um alumina powder,
we asked Tomoe Company to coat parylene on Si. Since
parylene-coating is believed to make a homogeneous film
with no pinholes and have strong coherence on material
surfaces, we have chusen parylene as the material for the

main layer of beam energy deposition. After coating parylene
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in 7um thick on Si, we covered the parylene surface with Pb

by rf-sputtering in aryon discharges. Coating thickness of
Pb were adjusted to three different values, 1.9, 1.1 and
0.8um. Lead is supposed to work like a tamper in ICF target
structure.
2.2 Outline of the RBS analytical method

We preferred proton RBS to He-RBS, because the layers
were relatively thick. Using the formula for stoupping power
in Table-1 derived by J.F.Ziegler1), we have calculated
thicknesses of multilayers from proton RBS spectra. The
constants A1, Azu‘-specified to the elemeﬁts in the material
are given in reference 1. This calculation was applied to
analyze the spectra obtairied for samples with and without
proton bombardment.

To calculate tne film thickness, we used the following
equation,

|cos€\

Eout = K(E;n— dX) f dx (1)

where Ein is an incident proton energy, Eout is the energy

of the emitted backscattered proton, GE/GX is the stopping
power, and K is the proton kinematic factor for target atoms
depending only on the target mass and the scattering angle 6.

By determining E value from the RBS spectrum, tne value

of x which satis?EZS the above relation is numerically
calculated with our computer program.

Figure 1 shows a schematic proton RBS spectrum for the
Pb/parylene/Si samples. In this figure the peak for Cl is
clearly shown, which is included in parylene, but this peak
is covered with the spectral tail of Pb and is difficult
to be identified when the large amount of Pb exists.

2.3 Energy deposition and temperature calculations
We calculated the particel energy versus time on the

target with time of flight corrections to the measured
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diode voltage. A wave form of the diode voltage which is
equal to the proton energy at the diode exit is simplified
as shown in Fig.2.

The temperature rise and the deposited heat can be
derived from the heat conduction equation,

8T _ 2,97 Jit) dE
f5¢ = ax(x 91) Y A (2)

where ji(t) is the beam current density.

With a rough evaluation of heat conduction, however, we
estimated the time in which a half of the deposited energy
is transferred from the region of energy deposition to the
outer region, and this time is in the order of 10 °s or
longer in parylene, assuming the thermal conductivity of
parylene is 0.3W/m°K and the depth of energy deposition
region is equal to the ion beam range. This is 103 times
larger than tha beam pulse duration. Therefore, we neglected
thermal conduction in the calculation of energy deposition.
Power deposition is calculated from stopping power which is
a function of particle energy and particle current density.

We used the waveform of current density on the target
surface by correcting the waveform measured with an MIC, as
shown in Fig.3. Power deposition in the parylene layer
was derived by subtracting the depusited power in the Pb-
layer irom the total input power into the sample.

Figure 4 shows these resulits for three samples with
different thicknesses of Pib-layer. The upper curves are
total power, and the lower curves are those in parylene.
The difference correspornds to the power in £b. The deposited
energies in each layer also shown as functions of time
in the same figures. Target temperature variations were
calculated and the saturation values together with vapor-
ization points are also indicated in Fig.4. It is evident
that each Pb and parylene layer of the sample is heated

above their vaporization temperature. Even if the current
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density is below 1kA/cm®, the sample temperature will still
reach their vaporization temperature. It is to be noted
that the deposited eneryy in parylene increases as the

thickness of Pb decreases.

3. BExperiment

A pulsed power device, ERIDATRON-I , was used to produce
pulsed proton beams of about 400keV, 1kA/cm2 with 100ns
pulse duration at the maximuw performance. The diude is
a self-pinch type with a polyethylene disc anode of 8mm in
thickness and 8Cmm in diameter. Figure 5 ‘'shows the
experimental arrangement of the bombarding system. Diode
voltagyes were measured witli a CuSO4 voltaye divider, current
densities were measured with an MIC, and also a shadow box
was used to observe the beam directions. This measurement
showed that each part of the beam propagated in parallel at
the target position.

The samples were placed 50mm apert from the anode of the
diode, and at this target position twelve samples as shown
in Fig.6 were simultaneously bombarded by a one-shot ion
beam. The radial curreni density variaticn ol the ion beam
made the irradiation condition in two grades, about 1kA/cm2
and 0.1-G.2kA/cm?.

For RBS analysis a tandem peiletron accelerator (NEC
5SDH} in our laboratory was utilized. Figure 7 shows the
experimential geometry for the RBS analysis. The main

parameters in the RBS analysis are shown in Tabie-2.

4 Experimental results and discussion

The features of the typical RBS spectrum for Pb/parylene
/S5i samples are already shown in Fig.?. The energy at the
half height at the leading edge gives the atom mass, and
the depth of the atom position is given if the atomic mass




is known. A fwhm gives thickness of the atom distribution
along the depth. A peak height corresponds to the maximum
concentration of this species.

The present experimental results are arranged as follows.
Concentration of atoms in layexrs, and the shape of distri-
bution or thicknesses cf the remained lavers are considered
to be functions of LIB current density. Since we used
approximately same vcltage shapes for each proton pulse,
range distribution of the protons is same for each pulse,
Therefore, the deposited power density is proportional to
the current density.

For simplicity, we abbreviate sample structures as follows;
for example, 1.9-Pb(i.0) means the Fb-thickness on parylene
is 1.9%um and this film is irradiated with a 1.0kA/cm2 proton
beam. Similarly, 0-FPb(C) means that parylene without Pb-
coatings is unirradiated.

First, we compare the spectra for unirradiated samples.
As seen in Figs.8 and 9, the Cl-edge and C-~edge in the
0-Pr (0) spectrum nave higher energies than those in the
1.9-Pb(0) spectrum. The energy loss of the RBS proton beam
in the Pb layer decreases these edge enefgies. Similar
results are also given by comparing the spectrum for 0-rb(C)
with those for 1.1-Pb(0) and 0.8-FPb(0). Leading edges of
signals from Si, however, are not definitely determined,
probably due to the increased energy struggling. The above
comparisons result in that there is no inconsistency among
these spectra.

Second, comparing the spectrum for O0-pb(C) with that for
1.9-Pb (1) which is shown in Fig.10, we recognize that the
1.95-Pb(1) spectrum agrees quite well with the spectrum of
0-Pb(0). This fact means that all Fb layer in the 1.9-Pb
sample was ablated by LIB bombardment and the structure of
irradiated sample became identical to that of 0-Pb(0).

In 1.9-Pb(0.15) spectrum a small quantity of Pb remai: s,
but energy edges of other atoms have nearly as same value
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with almost equal slope as that for 1.9-Pb(1). Thus above
O.15kA/cm2 level, almost all 1.9-Pb layer is ablated.
Third, comparing the 1.1-¢b(1) spectrum in Fig.11 to

0-Pb(0) spectrum, we find steepness of che Cl leading edge
for 1.1-Pb(1) is remarkabie less than that for 0-Pb(0).

The 1.1-Pb(1) sample has a spectrum very close to those of
C-Pb(1) in Fig.12 and G-PL(0.15) in Fiqg.i3. Alsc, 0-Pb({(1)
and 0-Pb(0.15) have slight slopes of Cl-leading edges, and
total Cl guantity seems to be decreased.

Finally, in 1.1-Pb{1) a special [eature is seen at low
energy side C-edge, that is, the back taii of C-peak. In
this spectrum the C back tail decreases very gradually
compared to that of 0-Pb{0) spectrum. Also there is a cledr
difference in carbon tail gyradient between 0-Pb{0) and
6-Pb(1), 0-Pb(0.15). Since these samples have no I[L layer
on the surface, the energy struccliag is only caused by
parylene and it is small. The above [act suggests that in
the 1.1-Pb(1) sample large part of the beam energy was
deposited to the parylene part, and it is likely that the
vaporization of parylene caused mixing of a smail quantity
of carbon expiosively into silicon substrate. This situation
is quite similar to that for O-Pb-irradiated spectrum.

The experimental results are summarized as follows.

The spectrum of 1.9-Pb(i) agyrees well with that of 0-Fb(0).
At 0.15kA/cm2 level, a very small quantity of Pb layer
remains in 1.9-Pb samples. For 1.1-Fb(i) Cl1 and C atoms
in parylene mixed into Si substrate. The situation is

similar in the 0-Pb(1} and 0-Fb((.15) samples.

5 Conclusion

RBS analysis is shown to be applicable to analyze the
surface change for special multilayered samples caused
by LIB bombardment with intermediate intensity.

In this experiment, nearly all Pb layer and a fraction of
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parylene layer were lost by 0.15*~1kA/cm2, 400keV proton
bombardment. The boundary between parylene and silicon
became diffusive. At this stage of study, we are not able
to say whether tamper effect from Pb-~coating existed or
did not exist. Further study is neccessary.
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Table 1 Stopping Power 1)

Proton Energy 1~10 keV¥
STOPPING= A,-E* ev/(10'F atoms/cm?)

Proton Energy 10~999 keV

(STOPPING) != (S0 7%+ (Sue)” ev/ (105 atoms/cm?)
Siow = BAy-E*
Swen =(R3/E)In {1 + (A4/E) + (A,-E)_}

Proton Energy 1000 ~ 100,000 keV
STOPPING = (A¢/p?) [ln(-f—_’%}}—pz— l}:_;_A:w(lnE)EJ
ev/ (10’5 atoms/cm?)
where, .

- HYDROGEN ENERGY '
- YDROGEN WASs  — LkeV/amu]

Tabie 2. Conditions in RBS analysis

ITEM CONDITION
Ion Species H+
Particle Energy 2.8 MeV
Total Charge Irradiated 1/qC
Time of Irradiation about 300 sec
Incident Angle 0 deg.
Scattering Angle | 150 dgg.
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Abstract

A new and simple type of self-magnetically insulated
vacuum ion diode named "Plasma Focus Diode" has been suc-
cessfully developed with a large solid angle of irradiation
and low divergence angle. The dicde has a pair of coaxial
cylindrical electrodes similar to Mather type plasma focus
device. Ton-current density of 1.9 kA/cm? has been obtain-~
ed at the anode surface under the experimental conditions of
diode voltage ~ 1.4 MV, dicde current ~ 180 kA, and pulse
width ~ 75 nsec. The ion beam generated has been two-
dimensionally focused (line focused) with the focusing
radius of ~ 0.18 mm, giving the maximum ion current density
and beam power density at the axis to be ~ 130 kR/om? ard -
0.19 TW/cm?, respectively. The motion of electrons in the
gap has been numerically simulated by use of newly developed
particle-in-cell computer simulation code, and good
agreement has been obtained between the simulation and the
experiment.

I. Introduction

In an inertial confinement fusion (ICF) research by an
intense pulsed light ion beam (LIB), the most important
problem to be solved is to concentrate the LIB with power
density more than 10'‘ W/cm® on a small target of diameter
5~10 mm. To obtain such a high power density, it is very
important for us to achieve large solid angle of irradiation
and low divergence angle of the LIB.'' From these points of
views, we have successfully developed a new and simple type
of self-magnetically insulated "Plasma Focus Diode" (PFD),
2-% which satisfies these requirements.




Figure 1 shows the basic principle of the PFD
schematically. It consists of two concentric cylindrical
electrodes; anode (outer cylinder) and cathode (inner
cylinder). 1Its shape is basically very similar to a Mather
type of "Plasma Focus" device, and therefore we have named
it the PFD. When pulse power is applied to the diode,
electrons produced at the cathode initialy irradiate the
anode. The diode current itself produces self-magnetic
field (B,) in the azimuthal direction. When the diode
current exceeds a certain critical value,? %' the flow of
electrons is self-insulated by B, .

The anode plasma is produced by the initial irradiation
of electrons and/or the surface flashover caused by a strong
electric field. Since the cathode consists of perforated
board or mesh structure, ions accelerated in the anode-
cathode gap pass through the cathode, and is concentrated
onto the axis of the diode.

Features of the PFD can be summarised as follows:

1) The configuration is very simple.

2) The axial symmetric configuration assures axial symmetry
of any field and quantity.

3) Since the initial irradiation of electrons onto the
anode promotes the formation of anode source plasma, the
enhancement of the ion-current density is expected.’'

4) It is possible to irradiate a spherical target with
large solid angle.

5) Electrons do not pinch on the active area of the ion
source, which makes us practical a multiple-shots
operation without changing the flashboard.

In this paper, the experimental and theoretical studies of
the PFD will be presented. Particularly, properties and
characteristics of the PFD will be described in detail such
as the measurement of electrical characteristics, divergence
angle, focusability in two-dimensional (line focus)
geometry, ion energy spectrum, the result of the computer
simulation by use of a 2.5-dimensional particle-in-cell
code, and so on. .

1I. Experimental Setup
The experiment has been carried out in the pulse-power
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generator, "ETIGO-II",?-°’ in the Technological University
of Nagacka. The output parameters of the machine designed
are as follows; voltage = 3 MV, current = 0.46 MA, impedance
= 6.5 ohm, pulse duration = S50 ns. Diagnostics on diode
voltage (V,) and diode current (I,) were done at the water-
vacuum interface. The inductively-calibrated voltage (V.*)
was calculated from V., and I, measured with taking the
inductance of magnetically-insulated vacuum transmission
line (MITL, L ~ 240 nH) into account.

Figure 2 shows the crossectional view of the PFD. It is
located at the end of the MITL. The cathode, that is
connected to the outer conductor of the MITL, is a cylinder
(brass) with the outer radius of r, = 10.5 mm (thickness = 1
mm). It is uniformly perforated by holes (1 mm diameter
each) to extract ions, the trangparency of which is ~ 40 %.
The anocde, which is also made of brass, is a cylinder with
the inner diameter of r, = 17.5 mm, and has the length of 40
mm in the z direction. On the inner surface of the anode,
we have prepared grooves (depth = 1 mm, width = 1 mm) filled
by an epoxy, which has an interval of 2 mm.

III. Experimental Results
III-a) Typical Waveforms

Figure 3 shows typical waveforms of diode voltage (V.*™)
inductively calibrated, diode current (I,), input power to
the PFD (P, = I, V.*), and impedance (2 = V.,*/I.). Prior to
the main pulse of V,* and I.,, as seen from Fig. 2, there
exists a prepulse, which has the magnitude less than ~ 10 %
of their peak values and the pulse width of ~ 150 ns.
Furthermore, the maximum value of V.™ and I, are seen to be
~ 1.4 MV and ~ 180 kA, respectively. The impedance (Z)
during the main pulse is seen to be 6 ~ 8 ol... The maximum
power is seen to be ~ 0.24 TW, and the pulse width - 75 nsec
(FWHM, Full Width at Half Maximum) .

III-b) Ion-Current Densiiy

Figure 4 shows waveforms of ion-.current density (J.)
measured by three-channel, biased-ion collector (BIC,
located inside the cathode. The BIC has three apertures
(diameter = 0.5 mm) at r = 10 mm at three different
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positions in the z direction, z = 7 mm, 20 mm, and 33 mm
from the root of the diode, hence being possible to get
three data of J, simultaneously. The vertical axis has two
scales; one 1s the ion-current density (J,) actually
measured, and the another is that on the surface of the
anode (J,) estimated. Here, we have calculated J., by
assuming two-dimensionally, geometric focusing of the beam,

J.= (r/r.) J.. M

As seen from Fig. 4, the peak values of J. at the above
three positions increase with increasing axial pesiticns,
and can be written by

J. ~ 1.4 KA/cm® at z = 7 mm,
J, ~ 1.7 kA/cm? at z = 20 mm, (2)
J. ~ 1.9 kA/cm? at z = 33 mm.

The enhancement of J, near the top of the diode could be due
to the facts that the thickness of the electron sheath
increases there and that correspondingly the effective diode
gap tends to be decreased. This can be clearly demonstrated
from a computer simulation as shown in a later section. By
use of the value of J, (~ 1.67 kA/cm?’) averaged at the above
three positions and the surface area (44 cm?) of the anode,
we have calculated the net ion current (I,) to be

I, ~ 73.5 kA. (3)

Using eq. 3 and the peak value of I, (~ 180 kA) in Fig.
2, we roughly estimate the efficiency of the diode as

7 = I|/Id ~ 41 %.

III-c) Divergence Angle of the Beam

By use of a shadow box where a heat-sensitive paper is
utilized as a detector of the ions, we have also measured
local divergence angle (¢ ) and deviaticn angle (&) from
the ideal trajectories. Figure 5 plots ¢ and & in the z-
direction. As seen from Fig. 5, we see that ¢ and &
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increase with increasing z. The averaged values of these
angles can be written by

F . =1.1°,
b = 1.4°, (4)

{ 5. = 0.4,

§e¢ = 0.5°.

From the above, we may calculate the total divergence angles
1} to be

‘(QSJZ + 652)0‘5 ~ 1.5°, (5)
{ (6.2 + 5.2)°°5 ~ 1.2°.

If we compare ¢ and & obtained above with those in
other diodes (¢ ~ 2° and & ~ 6° in single-current-feed
ﬁ magneticaliy~insualted diode,’’ ¢ ~ 1.2° and & ~ 0.9° in
1 dual-current-feed magnetically-insulated diode,'®' ¢ ~ 2.6°
and & ~ 6.5° in planar-type self-magnetically-insulated
diode''’), we find that the deviation angle of the PFD 1is
significantly smaller than any other diodes studied. Such
the reduction of ¢ seems to be due to the fact that the
actual cathode has been utilized in this experiment, and
that correspondingly the electric field can be made very
uniform.

{ 1II-d) Focusability of the PFD
Using Rutherford-scattering pinhole camera technique,

'2.13)  we have measured the focusing radius of the beam
extracted from the PFD. Figure 6 schematically illustrates
the basic principle of the experiment. The ion beam extract-
ed inside the cathode is led through a slit with the width
4 of ~ 6 mm. The ions are then Rutherford scattered by a lead
plate (0.5 mm thick, being thicker than the range of protons
) that is declined at 45° with respect to the axis. The
scattered ions are pinhole imaged on & CR-39 recording film
that is covered by a 2-pm mylar film (filter) to eliminate
carbons. The CR-39 film for this experiment detects protons
in the energy range of 0.4 ~ 3.5 MeV. Since the beam first
converges toward the axis and later diverges, we expect to
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obtain a pattern like a "sandglass". From the spatial width
of the constricted part of such the "sandglass " pattern, it
is possible for us to determine the focusing radius. The
space resolution of the system has been found to be ~ 0.15
mm, since the diameter of the pinhole is 0.2 mm and the
magnification of the pinhole is 2.

Figure 7 (A) shows photographs of the pinhole image
obtained. Figure 7 (B) shows distributions of the number
density of tracks on the CR-39 film (normalized by their
peak values), which has been obtained near the constricted
region of each images shown in Fig. 7 (A). From Fig. 7 (B),
we have estimated the focusing radius (r®*) of the beam (FWHM
of these distributions) or the corresponding tntal
divergence angles,

* 0.8 mm (0.60°) at 2z = 7 mm,
* 0.23 mm (0.74°) at z = 20 mm, (6)
r* 0.25 mm (0.82°) at z = 33 mm.

[Tl a ]
won

As found from the above, we have achieved very tight
focusing of the beam to be r* = 0.18 mm near the root of the
PFD. PFurthermore, the focusing radius tends to increase
toward the top of the diode where the ion current density is
high. The total divergence angles obtained by this
technique are smaller than those determined by the heat-
sensitive paper (cf. eq. (5)). Such a disagreement ~omes
from the facts that the focusing radius obtained by the
pinhole-camera techneque gives the divergence cnly due to
the high-energy protons, but that the local divergence angle
measured by the heat-sensitive paper includes all the
information associated with lower-energy proton beam as well
as heavier ions than protons.

III-e) Estimate of Beam-Power Density

Assuming that all the ions produced on the anode are
focused two-dimensionally (line focusing) onto the coaxial
cylinder with the radius r®*, we here estimate the power
density of the beam on the focusing point.

From these assumptions, we write the power density (P)
at the focal point to be
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P = (r./r*) J. V.*. (7

Table I summarizes the power density (P) thus extimated for
three axial positions. From Table I, the power density is
seen to be approximately same at the three positions, which
seems to be due to the fact that the focusing radius linear-
ly increases as the ion current density increases toward the
top of the diode. These characteristics qualitatively agree
with the data obtained by the dual-current-feed magnetically
insulated diode.

In spite of the two-dimensional focusing, however, the
bean power density on the focal point thus estimated is much
larger than those obtained by any other diodes with three-
dimensional focusing, spherically-shaped electrodes.

III- f) Measurement of Ion Energy

Energy spectrum of the ion beam has been meacured by usc
of a Rutherford-scattering Thomson-parabola spectrometesr.'”
Figure 8 shows the cross-sectional view of the spectrometer.
The ion beam focused onto the axis is irradiated onto a
"thin" fcil scatterer that is composed of 0.25 um lead and 2
#m mylar. The scatterer declines at 45° with respect to the
axis. Since the scatterer is "thick" for heavier ions such
as carbons but “thin" for protons, only protons are able to
pass 1t. The ions scattered are collimated by use of two
pinholes, and later injected into a deflector, where the
electric- and magnetic-fields are applied. The ions deflect-
ed are irradiated onto the track recording film (CR-39).

Counting the number density of the tracks for each
energy, we have evaluated the energy spectra of protons.
These spectra has been corrected to those incident onto the
scatterer by taking the energy loss and scattering cross-
section of protons in the scatterer into account.

Figure 9 typically shows the spectrum of protons. From
Fig. 9, we find that the peak energy of protons is - 1.4 MeV
in a reasonable agreement with the peak voltage (V.*).
Furthermore, high-energy protons dominates the beam, whare -~
80 % of protons have the energy more than 1 MeV. Such a
result does not agree with that obtained in another diodes,
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where the beam is dominated by low-energy protons. Such a
discrepancy may be due to the fact that the measurement in
this experiment has been carried out on the axis of the
diode where the beam is tightly focused. From these
experimental results, we conclude that the focusability of
high-energy protons is much better than that of the low-
energy protons.

IV. Numerical Simulations

Using a newly developed computer simulation code named
by PCS-KfX, furthermore, we have alsc carried out the
numerical simulation of electrons in the anode-cathode gap.

The PCS-KfX is a 2.5-dimensional particle-in-cell (PIC)
code, which has been developed by the cooperation with
Kernforschungszentrum Xarlsruhe (KfK), West Germany.'‘' The
code consists of the following three regions; the region
where particles are produced, the relativistic particle
pusher region, and the electric- and magnetic-field solver
region.

In the first region where particles are produced, new
particles are created by use of Gauss low which is adopted
to a half space mesh beside the electrode. The velocity of
each particles is determined by using a Maxwell distribution
function and random numbers. In the second region for the
particle pusher, the relativistic equation o<f motion is
solved by Buneman scheme. In the electric~ and maynetic
fields region, Poisson's equation and the static Ampere low
are solved to obtain the fields.

To check the reliability of the code, Child-Langmuir
electron current-density (space-charge-limited electron-
current-density) in the diode gap has been computed and
compared with that obtained analytically. At V (applied
voltage) = 1 V, the current density obtained by the
simulation has been found to be 9.36 x 10 A/cm’, while
that by analytical evaluation 9.30 x 10°% Afcm’. At ¥V - 1
MV, furthermore, we have obtained 7910 A/cm’® from the
simulatiocn and 8050 A/cm” from the analytical estimate.
From these results, the numerical errors of this code has
been found to be less than 2 %.

Figure 10 shows the typical example of the simulation




P~

for the typical parameters of the experiment. In this simu-
lation, only electrons are produced and moved 1n the gap.
Figure 10 a) and b) shows the distribution of electrons and
equi flux-density lines of self magnetic field (B.) in the
anode-cathode gap, respectively. Such the distribution has
been obtained after 1200 steps of the calculaticn, which
corresponds to the time ~ 0.5 nsec after the application of
the diode voltage. From Fig. 10 a), we clearly find that
elactrons are perfectly insulated in the effective area of
the gap. The electrons in the gap tend to drift toward the
top of the electrode. The electron sheath becomes much
thicker in the downstream of the electron drift. As the
result, the direction of the electric field in the gap
declines a little bit, and trajectories of the ions are
bended toward the z-direction. Such the c¢ffect has also
been observed in the experiment; the deflection angle of the
ion trajectories in the =z-direction observed experimentally
becomes larger than that predicted theoretically by taking
only the self magnetic field into account.

From Fig. 10 b), we see that the magnetic field near the
cathode is weakened by the electren current drifting in the
z-direction. The magnetic field =significantly decreases
near the top of the diode due to the ruadial current of
electrons passing through the gap.

The total electron current passing through the gazp has
been calculated to be I.~ 43 kA. This value, however, is
much less than that obtaind exrverimentally, I,~ I.- I.-~ 110
kA. Such the disagreement may be due to the facts that ions
in the gap has been ignored in the simulation, and that
furtheremore the gap closure bi the expansion of anode- and
cathode-plasma has not been taken into account.

b

More exact simulations including these effects will be

carried out in the near future,

V. Concluding Remarks

Self-magneticallv insulated "Plasma-Focus Diode" has
been successfully developed. The diode has been operated
with good reproducebility and stability typically at diszde
voltatge - 1.4 MV and diode current - 18C k& in the "ETIGO
II", an intense pulse power generator % Nagacka. The icn-
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Y current density on the anode surface has hbeen obtained to be
1.9 XkA/cm’, yielding total ion current and diode
efficiency to be - 73.5 kA and 4! 2, respectively. The
current density has been found to increase spatically toward
the top of the diode. Very good focusing has been cbtained
with the focusing radius - 0.18 mm. The ion-wurrent-
density, the divergence angle, and the focusing radiuc
increase toward the dowstream of the E x B electron drift.
Power density of the beam at the focal point has been
estimated to be £.78 TW/cm’. In spite of two-dimensional
focusing, it has given the highest power density ccmparcd
with any other diodes under the same experimenta’
conditions. The energy spectra at the axis of the diode hac
also been measured by Rutherford-scattering Thomson-parabola
technique, indicating that the beam is found to be dominated
by high-energy protons.
] The motion of electrons has been simulated by a particle-
in-cell computer simulation code. The thickness o¢f the
electron sheath tends to increases toward the downstream cf
I the electron drift, hence decreasing the effective gap
} length. Such the result predicted from the simulation
l

qualitatively agrees with the experimental observation.

At present, the experimental studies has bheen carried
out in more detail to obtain much high power densiy in
higher voltage region. Furhtermore, we are alsc carring out
the three-dimensional focusing experiment by use of
spherically shaped electrodes, which will be reported
elsewhere.

References

p 1) J. P. VanDevender, J. A. Swegle, D. J. Johnson, K. W.
Bieg, E. J. T. Burns, J. W. Poukey, P. A. Miller, J. N.
Olsen and G. Yonas: Laser and Particle Beams 3, 03
(1985) .

2) K. Masugata, T. Yoshikawa, A. Takahashi, K. Aga, VY.
Araki, M. Ito and K. Yatsui: Proc. 6éth Int'l Conf. on
High-Power Particle DBeams, Kobe, 1986, ed. by C.
Yamanaka (Inst. Laser Eng., Osaka Univ.), 152 (198€).

-~y —




3)

| 4)

5)

6)

7)

8)

10)

13)

14)

K. Masugata, K. Aga, A. Takahashi and K. Yatsui: Proc.
of 2nd Int't Top. Symp. on ICF Res. by High-Power
Particle Beams, Nagaoka, 1986, ed. by K. Yatsui {Lab.
Beam Tech., Tech. Univ. of Nagaoka), 81 (1986).

K. VYatsui, VY. Shimotori, Y¥. Araki, K. Masugata, S.
Kawata and M. Murayama: Proc. 11th Int'l Conf. on Plasma
Phys. and Controlled Nucl. Fusion Res., Kyoto, IAEA-CN-
47/B-M -9 (1986) .

K. Yatsui, K. Masugata and S. Kawata; Proc. 8th Int'l
Workshop on ULaser Interaction and Related Plasma
Phenomena, Monterey, USA (1987).

M. S. Di Capua: IEEE Transactions on Plasma Science PS-
11, 205 (1983).

K. Yatsui, A. Tokuchi, H. Tanaka, H. Ishizuka, A. Kawail,
E. Sai, K. Masugata, M. Ito and M. Matsui: Laser and
Particle Beams 3, 119 (1985).

K. Yatsui, Y. Araki, K. Masugata, M. Murayama, M. Ito,
E. Sai, M. Ikeda, Y. Shimotori, A. Takahashi and T.
Tanabe: in Ref. 2, 329 (1986).

A. Tokuchi, N. Nakamura, T. Kunimatsu, N. Nincmiya, M.
Den, Y. Araki, K. Masugata and K. Yatsui: in Ref. 3, 430
(1986) .

E. Sai, Y. Shimotori, K. Aga, K. Masugata, M. Ito, and
K. Yatsui: Proc. Collab. Res. Mtg. on Development and
Applications of High-Power Particle Beams, Nagoya, 1284,
ed K. VYatsui, IPPJ-742 (Inct. Pla.ma Thys., Nagoya
Univ.) 69 (1985).

T. Yoshikawa, K. Masugata, M. Ito, M. Matsui, and K.
Yatsui: J. Appl. Phys. 56, 3137 (1984).

D. J. Johnson, P. L. Dreike, S. A. S5lutz, R. J. Leeper,
E. J. T. Burns, J. R. Freeman, T. A. Mehlhorn and J. P.
Quintenz: J. Appl. Phys. 54, 2230 (1985).

Y. Shimotori, K. Masugata, E. Sai, T. Matsuzawa, K. Aga
and K. Yatsui: in Ref. 2, 97 (1986).

5. Kawata, E. Halter, . Gabowitsch, M. Sararu and T.
Westerman: Kernforschungszentrum Karlsruhe (K£K)
Primarbericht, 14.04.01P44A, (1986).




Table I Beam power density (P) estiamted for three axial
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Figure Captions
Basic principlc of the PFD.
The PFD installed in "ETIGO-II".
Typical waveforms of (a) diode voltage and diode
current, and (b) input power and impedance.
Waveforms of ion-current denhsity at three positions.
Distributions of (a) local divergence angle (¢ ) and
{b) deviation angle (& ) from the ideal trajectories
in the z-direction.
Outline of the measurement of focusing radius by
Rutherford-scattering pinhole camera.
(A) Photographs of the pinhole. image by the method
of Fig. 6, and (B) the corresponding distribution of
number density of the tracks.
Cross-sectional view of Rutherford-scattering
Thomson-parabola spectrometer.
Energy spectrum of protons obtained by the method of
Fig. 8.
(a) Electron map and (b) equi-magnetic-flux density
(B,) lines in the PFD obtained by the simulation.
Parameters of this simulation is as follows;
applied voltage - 1.4 MV, radius of anode = 17.5 mm,
radius of cathode = 10.5 mm, anode-cathode gap = 7.0
mm, length of anode = 40 mm (from 2z = 0 to z = 40
mm), length of cathode = 50 mm (from =z = 0 to z =
50 mm), electron emissive region = 40 mm (from z = 0
to z = 40 mm).
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Rresearch on Anode Plasma Behavior of Flashover Pulsed Ion Sources.

H.YONEDA, H.Tomita, K.HOR1OKA, and K.KASUYA

Department of Energy Sciences, The Graduate School at Nagatsuta,
Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku
Yokohama 227, Japan

Abstract
We measured physical parameters of anode plasma 1in a
magnetically insulated pulsed ion diode with various diagnostic
tools. The result denotes that a large amount of neutral gas
particle is emitted 1in diode operation, and 1t has an 1important
role on *he determination of anocde plasma characteristics and the

diode performance.

1. Introduction

Intense pulsed ion sources with pulsed power technology ave
simple and low cost drivers for Inertial Confinement Fusion (ICF)
research. A MJ-order ICF driver can be constructed, if the 1ion
Lot can well focus on the target. However, to achieve this, there
are still some unsolved problems in diode; rapid anode plasma
turn-on, impedance control, purity improvement, etc.. The exact
mechanisms of the initiation, expansion, or ionization-processes
1s still not understood. As the most of these problem are related
to anode plasmas, we observed anode plasma in magnetically
insulated diode, to get the key solutions for these problems.

First, we estimated electron number density profiles in the anode

plasma from Stark broadening of hydrogen line, the clectron
temperature from line intensity ratio. Second, we developed a new
simple diagnostics method for time resolved ion enerqy
measurements, and measured the ion energy with spatial and

temporal resolution. And last, we achieved laser aided diagnostic
of anode plasma. A pulsed nitrogen laser was used and scvoral

shadowgraphs were taken during and after the diode pulse.




2. Experimental Apparatus

The block diagram of the experimental apparatus 1s shown 1in
Fig.l. The diode was an annular magnetically insulated diode,
which was driven by a 5ohm-60ns Blumlein line. Liguid nitrogen was
fed to the anode for cooling down of the 1lon sources through a
vacuum transfer tube, which had a shape of spiral coil for
1)

inductive electrical isolation In the case of liquid or gus
state 1ion sources, they were supplied by the gac from the
reservoir and frozen on the anode metal surface with about 1lmm
thickness, while conventional hydrocarbon sources were put into
the anode grooves. The anode voltage was measured under the
inductive correction of the line voltage. The metal transfer tube
was also utilized for the inductive voltage monitor. The diode
current was measured by a Rogowski coil. The light from the anodc
plasma was focused on the spatial resolution slit. It was guided
to a 50 cm monochromator in a shield room through a 7m optical
fiber to avoid electromagnetic noises and was detected by a PM
tube. The extracted ion beam current was measured by a biased ion
ccrrector and the energy profile of the ion beam was measured by a
time resolved Thomson parabola analyzer.

To diagnose the plasma dynamics in the A-K gap, a nitrogen
laser was used. It had typical parameters shown below;

Laser energy: lmJ, Pulse width: 6ns FWHM,

Wavelength: 337.1nm, Divergence: 3mrad.

The shadow photographs were taken at various time after the
main pulse to observe dynamics of neutral gas particle in the

diode gap.

3. Experimental Results

3.1 Anode plasma turn-on
We measured the anode plasma light emission
spectroscopically, and estimated the temporal history of electron
number density from the Stark line broadeningz). Figure 2 is one
of the results about these measurements. The ion source used was
HZO ice, and two different anode temperatures were chosen (90K and
160K). At the higher temperature, higher density of anode plasma

was achieved at early time. This difference was explained as




follows; The yuantity of neutral gas emission had much 1influences
on the anode plasma 1initiation, and this became larger at the
higher temperature material. Next, to ascertain this explanation,
we measured the Ha line intensity with different materials (CHBOH
and H20) at the same temperatare. Althougli in yeneral, the line
intensity 1s related to both of number density and temperaturc,
it showed number density qualitatively in our experimental
condition. This result is shown 1in Fig.3 and the line 1ntensity
was much higher, as cxpected, in the case of CH_OH, which was

3
expected to emit more gas guantity than H,O.

2
3.2 Anode Plasma Expansion
The anode plasma expansion decreases the ecffective diode
acceleration gap and causes the diode impedance collapse in a high
efficiency diode. This is one of the serious problems. We measuroed
the profilc of electron number density in A-K gap and the result

1s shown in Fig.4. At diode time t=30ns, the measured anode plasma

thickness was about 2mm. This wvaluce was larger than the one
cexpected from the thermal motion of the anode plasma (~1lcV)
without transverse magnetic field. To get a key to u~derstand

these phenomena, we mcasured the profiles of somc paramcters 1n
anode plasma. Fiqure 5 is the spatial profiles of Ha and He line
intensity at  an interval of 20ns. Bach excitaticn onergy 1s
12.0%eV tor Haand 12.7%V for HB from the graound statc, which
means the ratio of MW /Ha denotes anode plasma temporature
gqualitatively. From Fig.5, we can see that Ha and H8 had thce same
expansion velocity, but these intensity profiles in thc anode
plasma had a little bit cdifference. Particularly, at t=80ns, the
HB8 1ntensity profile had a peak at z=lmm, while Hae linc :Intensity
decrcased monotonically with the distance from anode. This means
not only electron density but also the electron temperature had a
spatial profile and the temperature had a peak at slightly far
from the metal anode.

Next, we 1nvestigated the influence of atomic mass on the

expansion velocity. llowever, we werc afraid that if the different

materials were used as the ion sourcces, the different diode

operation would be realized; for example, the different turn-on

time as shown in Sec. 3.1. We chose isotopes of H,0 and D,0 for

the ion sources. They have analogous chemical character, while

atomic mass of D are twice larger than that of H, and mcasured Ha
—292—
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and Do line intensity profiles. The Da line has a peak at slightly
different wavelength from that of Ha line ( ~ 1.7A), and we,
therefore, could monitor the purity of anode plasma
spectroscopically. The spectral line protiles of 020 and H20 ion
sources are shown in Fig.6, and we confirmed that our acasurced
line was exactly the Da line 1n the case of D2O. Figure 7 shows
the spatial profile of Da line intensity in A-K gap. From thcse

results and Fig.5, we can conclude that D and H atom cxpanded at

the same velocity (of about 3cm/ws). Moreover, we Lcasurcd the
spectral profile of ion source of half-and-half mixed D2O and HZU,
These results are shown in Fig.8. The peak 1intensity ratic of Da
and He didn‘'t vary at various place and time. These results alsc

assured that D and H atom expanded at the same velocity.
From above-mentioned results, the velocity of anode plasme
exparsion 1is not expleined by the thermal one, and therc may be

other mechanisms, for example, the fast nentral particles.

3-3. Ion Energy measurements

The measurement of the ion species and the energy spectrum
is 1mportant to obtain the data for ion species composition, anode
plasma temperature, A-K gap acceleration voltage, and so on.
Particularly, the time rerolved measurements givc much informaticn
about the anode plasma characteristic. Sb, we tried to make the
1on  energy measurements with time integrated method and alsc
developed a siuple time resolved ion energy analyzer.

Figure 9 shows that the N++/N+ ratio depended nn the ion
energy per charge in the case of nitrogen ion sources3)‘ We also

show anrode plasma temperature calculated from this data with the

Saha equilibrium model. Because the diode voltage falls down with
time 1n general, this result means that anode plasma temperature
increases with diode time. We can conclude from this results and

results in S8ec.3-2 that ion beam emitting surface runs to the
cathode direction with tine.

Although many kinds of time resolved ion energy analyzer are
proposed, the time-ramped electric deflection method is seemecd to
be better than others to get guantitative data with continuous
energy and time resolution. Dreike et.al. proposed this mothod4)
with Krytron tubes for switching oscillators. On the contrary, we

)

. 5 . .
propose a simpler method without a high voltage generator and a

switching tube. Figure 10 shows a schematic drawing of our
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apparatus. The line voltage monitor signal (1.5kV 80ns FWHM) 1is
split 1nto three 50ohm cables and added series 1in & 50ohm cable

which 1s terminated by an anti-ringing capacitor (Cri) and a

monitor resistor. The final voltage w~aveform at deflection plate
can be controlled by each cable length, the number of cables, and
capacitance of the terminate capacitor. Fig.l0 also shows the

monitored deflection voltage, diode voltage waveform, and temporal
history of ion energy measured at 2lcm from the anode. We also
measured spatial and temporal irregularity of the anode plasma
with this analyzer. Figure 11 shows three traces recorded on the
CR-39 of triple pinhole analyzer, each trace is corresponded to
different radius position of the anode surface. This results show
ion emitting points moved toward outer radius with time, and is
consistent with the streak photograph of the visible light from
the anode plasma (Fig.1ll}.

3-4. Laser aided diagnoestic of anode plasma

From the experimental results mentioned above, we  can
conclude that neutral gas emission makes an important role for
flashover plasma source. Under the assumption of LTE model,
1onization ratio of hydrogen can be calculated from electron
number density and temperature measured spectroscopically. It was
very low 1in the anocde plasma. It meant that there was a large
amount of neutral gas particle and it is easy to predict that a
lot of neutral particle enter the diode gap. If it is true, many
1ncomprehensible matter in the diode gap can be explained; for
cxample, high expansion velocity of anode plasma, rapid impedance
collapse, spread of ion energy and so on. So we tried to measure
the dynamics of neutral particle with laser aided method.

Figure 12 shows the results of the nitrogen laser
shadowgraphs of the anode-cathode gap. The six series of
photographs are taken after the diode main pulse with time
interval of about 1l0Jns. From this results, we can see large
amount of neutral particles expand into the gap, particularly from
the anode side. This results also encourage us to measure the

neutral particle directly.

4. Conclusion




We conclude here as follows; The neutral gas emission 1is one
of key factors of the anode plasma initiation. The large quantity

of the neutral gas results in the rapid formation and the dense

anude piasma. The anode plasma thickness was measured
spectroscopically and it was about ~ mm. There were density and
temperature profiles in this. The anode plasma expansion veloc:ty

was 3cm/us and this value was not changed with atomic mass
changed from H to D. The temperature of the plasma at emitting
surface increased and 1t moved to the cathode direction with time.
A new diagnostics method was proposed and time resolved ion energy
spectrum was measured. We observed that ion emitting point moved
toward outer radius on the anode surface. A large amount of
neutral gas particle was emitted from the anode surface after the
diode pulse and it may be able to explain some unsolved phenomenon

in the diode gap.
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Figure caption

Fig.l Schematic diagram of experimental apparatus.
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Temporal histories of electron number density

with ion source temperature as a parameter.

Ha line intensity with variouz materials.

Spatial profiles of electron number density.

Spatial profiles of Hu and KB line intensity.

Spectral profiles of light from Dzo and H20 ion source.
Spatial profiles of Do line intensity.

Spectral line shapes of mixed D,0 and H,0.

Ion specles ratio N++/N+ and 1on temperature vs ion energy.
Time resolved Thomson parabola analyzer.

) Driving electric field circuit.

b) Diode voltage, driving voltage, and measured ion energy.
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12

Results of triple pinhole analyzer a),
d Streak photograph of the visible light from anode b).
Nitrogen laser shadowgraphs of the diode gap taken

with time interval of about 100ns.




:

[10'%m’]
20

Ne
10

0S.C

Vd-monitor

oN\Jdmonitor

. ik BIC Valve
e
il i = s

; = Reservoir

Time resolved Ener. Anlyz.

Fig-2

Optical Monochro mator
WSO, * Lens Fiber .
K ] .
J ] '+
Photomultiplier
Fig-1
[ o
’ D\-\-——160K 24
d\a ga
o7 0" h
; 90K 0 ey
Diode Time
L Fig-3
0 50 100 [ns] g
Diode time




Ne [x10'%cm?)

3.0r T

2.0F
10 .
1 L 1 o 1
anode cathode
Z [1mm/div]
Fig-&4
F
i /\ D,0
z S
‘v palt I 1 ot | 1
k2 N
,.S HZO /x x\
1 |A/| 4o
6560 6565 [A]
Wave length
Fig-6

t=30ns

o.ar—.\/- He
e -1
>
@ 0.4 0 -
a 80ns
£ F\ S N\ i
2\, N N
E 0 e ) 1 1
g |
»
. U -
®
g 20 - —
e -'\. 800ns
"0 -\@_ '\QQ a
~
0 \i | ] ]
0 2 3 IR
anode z [mm] cathode
Fig-5
e
LOF, Da -
- \ )
@ * 80ns
< —
£ 2000\
N 20 wX'\ _
[ ] *
N 1 ]
00 1 2 3 I
anodg z [mm] cathode
Fig-7




N*™"IN*

t=80ns F=100ns

DC! Hq l DO. HCL
- bt ozztomm | | S
n & R
L X ,’i\‘ i %\\x(," \ =
,-? i Ly géi;\‘lr. 1\3’\- o ,,/ 1 \1‘ P |
2| | LI
e ; z2=02mm e B .
L . ‘\ . \ I Fig-8
= ./ :,:\ 3 / PaS : -
—. _e—® LN /./0 4
P S N N O I B T Ll B B LI

Wave length [ 1A Idiv]

100 +
10f s\ 12
~.

[A2] 3

1 Flg-—9

01 100 250 360 0
ElZ{kev]-
vd
Id
o Rmon
E Vmon
: ........
° Cri

i o Fig-10-a)
divider T
N

Vi PL1,23

A
.




=

g Vmo

£4.0

= l: vd \'

Saf |

=

< 20 Ei

LL—{“\OT_ ’ M

= oL L1 |\| I F'9_1O_b)

time [20ns/div]

diode ftime r[mm]

+-5
.

10ns/div

Fig-11-b




Time—-Resolved Spectroscopic Measurement of Anode Plasma
in Magnetically-Insulated Diode
Yasunori KAWANO, Norihide YUMINO, Yuhzo ARAKI,
Katsumi MASUGATA, and Kiyoshi YATSUI
Laboratory of Beam Technology, The Technological University of
Nagaoka, Nagaoka, Niigata 940-21, Japan

A new diagnostic technique has been developed for the time-
resolved spectroscopic measurement of anode plasma in a single-
current-feed magnetically-insulated ion diode. From the meas-
urement of Stark broadening of H. line of hydrogen, we have
estimated the electron density to be 4 ~ 5 x 10'¢* cm ? using
the pulse-power generator, "ETIGO-| ", typically operated with
diode voltage = 550 and 600 kv, diode current = 36 and 53 KA,
and pulse width ~ 90 ns (FWHM of diode current). Assuming
local thermodynamic equilibrium, we have estimated the elec-
tron temperature to be 1.9 ~ 2.4 eV from the measurement of
light intensity ratio of successive ionization stages of car-
bon. The expansion velocity of the anode plasma has been
found to be 4 ~ 4.5 cm/u s.

[ . Introduction

The development of an intense pulsed light-ion beam (LIB)
with very high power density is one of the iwmportant key
issues for the effective achievement of the LIB-driven iner-
tial confinement fusion. As well known, the characteristics
of the LIB strongly depend on the conditions of the anode
plasma (density, temperature, ion species, etc.). From such
a point of view, the detailed understanding of the character-
istics of the anode plasma is very important to make clear the
properties of the LIB.

To diagnose the anode plasma of the LIB in detail, a spec-
troscopic measurement is very effective.'-~*’ For this pur-
pose, highly time-resolved diagnostic is required since the




pulse width of the LIB is normally on the order of several
tens of nanosecond. Several authors have utilized the spec-
troscopic system in the combination with optical fibers and
photomultipliers.?~*’ Such the system, however, has not
given us the spectra continuously both in time and wavelength.

To use a streak camera as a detector of the spectrometer was
tried at Sandia National Laboratories,'!’ which made possible
to obtain data continuously both in time and wavelength. A
direct processing by computers, however, could not be made
since the data was recorded by photographs in the above sys-
tem. To acquire data continuously both in time and wave-
length, we have successfully developed a spectroscopic diagnos-
tic system in the combination of a spectrometer with a streak
camera. This system can be possible for various data proc-
essing where streak images are taken by a SIT camera (highly
sensitive TV camera) and then led to a frame memory of micro-
computer via A/D converter. By this technique, we have
succeeded in highly time-resolved and continuous wmeasurement
of the spectra as well as the real time processing. In this
paper, we would like to present some preliminary data of this
nmeasurement of the anode plasma in a single-current-feed
magnetically-insulated diode (MID).

I . Experimental Setup

Figure 1 shows the outline of the experimental setup. The
experiment has been carried out in the pulse-power generator,
“ETIGO-] ", at the Tech. Univ. of Nagaoka.$’ The output
parameter of the generator is as follows; voltage = 1.2 MV,
current = 240 kA, power = 0.3 TW, pulse width = 50 ns, energy
= 14.4 kJ. The ion diode used is a planar type of MID, vhere
the anode-cathode gap is 12 mm wide. On .the surface of the
anode (aluminum), a polyethylene sheet (160 mm x 160 mm; 1.5
mm thick) has been attached as the flashboard. As the cath-
ode, we have utilized the perforated brass (5 mm thick), which
has the transparency of 11 % with 25 holes (12 mm* each).




The window from which the light signal is extracted is made
of pyrex glass (55 mm x 75 mm; 5 mm thick). The light signal
from the anode plasma is led to the diagnostic system that is
installed at approximately 7 m apart in the optical length.

Figure 2 shows the time-resolved system developed here.
The light signal is introduced into Czerny-Turner spectrometer
(focal length; 25 cm, grating; 1800 grooves/mm), and later led
to a streak camera (temporal disperser).®’ The wavelength
covered by the streak camera ranges from 4000 ~ 8500 A . If
the central wavelength is chosen at ~ 6500 A, the range of
the wavelength measured by one shot is 67 A /frame. The
streak images are taken by a SIT camera and A/D converted,
which is recorded into a frame memory (8 bit, 256 channel -
256 channel) as digital data. These data of images memoried
are analysed by a temporal analyser, which gives a profile of
spectra both in time and wavelength.

The sweep rate of the streak camera is 667 ns/256 channels,
hence yielding ~ 2.6 ns/channel. The time resolution in
this system is ~ 20 ns, which is mainly determined by a slit
width of the streak camera. The resolution of the wavelength
is measured to be ~ 1 A at this sweep rate, which is deter-
mined by a slit width of the injection to the spectrometer.
The dynamic range (the ratio of the maximum value of the input
divided by the background level) is as large as more than
100.%°

i . Experimental Results and Discussions

Figure 3 presents typical waveforms of (a) the diode volt-
age inductively corrected (V,), (b) the diode current (I.),
and (c) the ion-current density (J,) measured by a biased-ion
collector at 27 mm downstream from the anode. At t ~ 150 ns
where the diode voltage attains the peak, we see

Va ~ 600 kv, I. ~ 36 kA, J, ~ 55 A/cm®* at B/B. ~ 2.5,
Vs ~ 550 kV, I. ~ 53 kA, J, ~ 70 A/cm® at B/B. ~ 1.5.




Hera, the critical magnetic flux density (B.) is given by"’

B. = {2eV/mc? + (eV/mc?)?)!'“?mc/ed, 4D

where m, e and ¢ is the electron mass, the electron charge,
and the speed of light, respectively.

Figure 4 shows the streak photographs, where the time axis
corresponds to that shown in Fig. 3. Figure 4 (a) shows that
of H. line (6562.8 A ) of hydrogen together with those of CJ|

(6578.0 and 6582.9 A). Figure 4 (b) and 4 (c) show the
streak photographs of CJI (4267.2 A ) and CHl (4647.4 &),
from which we can estimate the electron temperature. Table |

presents the transition parameters of the line spectra.®:®’
In Fig. 4 (c), we see the presence of Clf (46%0.2 A) in addi-
tion to the Cll (4647.4 A ). Although there should be present
two lines of Cll (4267.0 A and 4267.3 A ), it is too close to
separate these two lines in Fig. 4 (b), and we here treat them
to be 4267.2 A . From Fig. 4, the light intensities of these
lines observed attain the peak at t = 100 ~ 150 ns, damp at t
~ 200 ns, and again begin to be enhanced at t ~ 250 ns.
Figure 5 shows the time variation of the light intensity of
the line spectra obtained by this system, where we have inte-
grated the light intensity within 4 ~ 10 A . The sensitivity
of the system is same between Figs. 5 (a) and (d), and identi-
cal among Figs. 5 (b), (¢), (e) and (f). From Fig. 5, we see
the light signal starts at t ~ 40 ns. This suggests that
the anode plasma is produced before it, which approximately
corresponds to the build up of the diode current. Further-
more, all the light signal has the first peak at t = 100 ~
150 ns, tends to be weakened at t ~ 200 ns, and again the
second peak at t = 300 ~ 500 ns. Such a behavior seems to
correlate with that of the electron density. Although, in
Fig. 5, we see clearly the presence of the first peak of the
light signal for 2z = 1.5 mm (nearby the anode surface), fur-
thermore, we do not observe the first peak of the light signal

—304—




at z = 5 mm, almost the center of the anode-cathode gap.

From the time difference at different positions of the
light signal, we estimate the expansion velocity of the anode
plasma at the gap to be

(4 ~ 4.5) + 1.5 em/u s.

Figure 6 shows the time variation of the H. spectrum that
has been shown in Fig. 4 (a). We see the broadening of (2~ 5)
A (FWHM) in the profile of Fig. 6. Since the resolution of
the wavelength of this system is less than ~ 1 A, such a
broadening is considered to be principally due to Stark ef-
fect.!'?’ Figure 7 shows the theoretical relation between the
electron density and the half width of the broadening of the
H. line for T = 20000 K. Here, the relation utilized in this
estimate is written by'"’

n, =C(n-.T.)A/\ 13/21 (2)

where AA, is the half width of the Stark brcadening and the
coefficient C(n,,T.) has been given in Table (14-1) of Ref.11.

Figure 8 shows the electron density thus obtained. Here,
we have assumed the electron temperature to be T. = 20000 K.
The resolution of the density measurement resulted from the
wavelength resolution of this system is estimated to be less
than ~ 1 x 10'* cm 3., At the first peak at t ~ 100 ns, we
find the electron density (n,) to be

n. ~ 4 x 10'* cm? at B/B. ~ 2.5,
ne ~ % x 10'¢ em? at B/B. ~ 1.5.

Hence, we find the electron density incraases at a small B-
field. Comparing this estimate with Fig. 3, we find that both
the diode current and the ion-current density increase at a
small B-field, and that correspondingly the electron density

O



is enhanced. Furthermore, the ion-current density has the
similar behavior as the electron density.

If a local thermodynamic equilibrium ic assumed to be satis-
fied in a plasma, the light intensity ratio (I'/I) of the spec-
tra of the ions with the successive ionization stages cf the

same element is given by'''

I'/1

(f'g'A3/fgA '*) (47w * %a,°n.) ' (kT./Ey)?"?
x exp{- (E'+E.-E-dE.) /kT.}, (3)

where E, denotes the ionization energy of hydrogen, a. the
Bohr radius (h?/4x me? = 0.53 A), E the enerqgy of the upper
level of the transition, E. the ionization energy from the
lower to the higher stage, and dE. the reduction of the ioniza-
tion energy for the lower charged ions. The prime represents
the quantity corresponding to the higher ionization stage, and
f, g, and A indicates the emission oscillator strength, the
multiplicity of the upper level of (2J+1), and the transition
wavelength, respectively.

Using eg. (3) for lines of singly ionized (C[l , 4267.2 A)
and doubly ionized ions (Cfl, 4647 A ) of carbon,'?’ we have
estimated the electron temperature. The light intensity of
Cll and Cl lines has been obtained from Fig. 5. The transi-
tion parameters of each lines have been calculated from Table
I. Figure 9 shows the electron temperature thus estimated.
From Fig. 9, we see that the electron temperature does not
change so much in time, and that no significant change against
B field. From Fig. 9, the electron temperature in this expe-
riment can be sumarized as

Te = 1.9 ~ 2.4 eV.
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N . Summary

By use of the time-resolvable spectroscopic technique, we
have measured the anode plasma of the single-current-feed MID
that is fired in the Nagaoka "ETIGO- ]| " pul se-power generator.
Typically, we have operated the diode at V, = 550 and 600 kV
and 1, = 33 and 36 kA at B/B. ~ 1.5 and 2.5, respectively.
We hav: observed H., C and Cll lines, and cbhbtained data of
spectrosicopic profiles continuously both in time and wave-
length. From these experimental studies, we have obtained
the following conclusions.

(1) From the Stark broadening of H. line of hydrogen, we
have found the electron density to be 4 ~ 5 x 10'¢® cm ®*. The
density benaves similarly as the diode current. The ion cur-
rent density also strongly depends on the electron density of
the anode plasma.

(2) From the intensity ratio of C]] and CF lines, we have
calculated the electron temperature tc be 1.9 ~ 2.4 eV under
the assumption of a local thermodynamic equilibrium. <‘he tem-
perature does not depend on the diode current.

{3) From the time Adifference of the spectra at different
positions, we have estimated the expansion velocity of the
anode plasma to be 4 ~ 4.5 cm/u s.
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Table I. Transition parameters of the line spectra,®:*’
where the subscript i and k denotes the lower
and the upper state of the transition, respec-

tively.

Line (A) JE:(eV) | Ex(e¥) | g:{8x| fix | Transition Array | E.(eV)
H. (6562.8) 10.21| 12.10| 818 0.6841 2p2P°- 34%D -
__(.:_!1'_(_4-267.2) 18.07 20.?8 101 14 0‘.94 3d2D - 4f?F° 11.26
CU(4267.0) | 18.07| 20.98| 4| 60.94 |
C 11 (4267.3) 183,071 20.98| 6| 810.89
C 11 (6578.0) 14.47| 16.35| 2| 4]0.62 3s2S - 3p?P°
C [ (6582.9) 14.47] 16,35} 2| 210.311
C M (4647 .4) 29.57] 32.24| 3| 5]0.423 3s3S - 3p3P° 24.38
C M (4650.2) 29.571 32.24| 3] 310.253
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Figure captions
Outline of the experimental arrangement.
Schematic diagram of the time-resolved spectroscopic
systen.
Typical waveforms of (a) diode voltage, (b) diode
current and (¢) ion-current density with the B-field
as a parameter (B/B. ~ 1.5 and 2.5). Here, the BIC
has an aperture 1-mm in diameter and is biased to
- 400 V.
Typical streak photographs observed at z = 1.5 mm and
B/B. ~ 2.5: (a) H. of hydrogen (6562.8 A, 2p-3d),
(b) singly ionized carbon (CJ]l , 4267.2 A, 34-4f)
and (c) doubly ionized carbon (CHl , 4647.4 A, 3s-
3p).
Temporal variation of light intensity for H. line of
hydrogen ((a) and (d)), CI ((b) and (e)) and CII
((c) and (f)) lines of carbon. The data of (a),
(b) and (c) are taken at B/B. ~ 2.5, while those of
(d), (e) and (f) at B/B. ~ 1.5. The solid and dot-
ted lines indicate the data observed at z = 1.5 mm
and = 5 mm downstream from the anode surface.
Three-dimensional plot of the H, line of hydrogen
shown in Fig. 4 (a).
Calculated Stark broadening of H, line of hydro-
gen.'!'’
Time variation of electron density of anode plasma
with the B-field as a parameter.
Time variation of electron temperature of anode
plasma, with the B-field as a parameter, where we
have used eq. (3) and the electron density of Fig. 8.
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Study on the Flashover Ion Diode with Cryogenic Anode

K.Horioka, H.Yoneda and K.Kasuya

Tokyo Institute of Technology, Department of Energy Sciences,
The Graduate School at Nagatsuta, Midori-ku Yokohama,

Kanagawa 227,Japan

Abstract
Our recent experimental issues to clarify the behavior of
acceleration gap of flashover type magnetically insulated diodes
are shown. The main issues are to investigate the cause of
impurity of the extracted beam and to examine the effect of
neutral particle on the impedance characteristics of the diode.
A magnetically insulated diode which has a cooled anode is used

for the expeiments.

1. Introduction

A#s well known, the pulsed ion diode is an energy rich and
poor focus driver from the point view of its application to
inertial confinement fusion (ICF). However, it is also true
that only this type of ion source can be operated at MJ output
cnergy level within tolerable construction cost. If we can get
well controlled tightly focused beam, 1light ion beam (LIB) will
become most hopeful ICF energy driver.l)

Therefore most important issue for the LIB-ICF is tc get the
sufficient power on the several millimecter fuel target. The
temporally and spacially focusable power depends on the purity of
the extracted beam, the brightness and the impcdance
characteristics of the diode. This 1s why we strongly
concentrate our effort on the investigation of diode acceleration
gap behavior especially on the electrodes plasmas.

Although there are many types of LIB diodes, magnetical.y
insulated flashover~type ion diode 1is most simple, reliable anrd
matured one. At present, this type of diode 1is the only
reliable beam source which cen operate at TW power level with

moderate repetition capability.
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2. Flashover Ion Source

The surface-flshover ion source has also some drawbacks;
they are impurity of the extracted beam, nonuniformity of the
anode plasma and the impedance falling of the acceleration gap.

The cause of beam impurity may be the contamination of ancde
surface or may be the ion filtering mechanism at the surfacc of
anode plasma. Generally, the impedance of this type of dicde is
falling with time, which is undesirable from the point of view of
the coupling efficiency and the target 1irradiation. At high
output power level, the most important cause of impedance fallir:
1s supposcd to be the electron accumulation 1in the gap which

2)

results in the decrcase of effective A-K gap. However “h.

neutral particle injection 1nto the gap or the turn-on dclay of
anode plasma should also play some roles on the impedanc
characteristics.

Then our recent cxperimental issues arc tc examine the causc
of beam impurity, the formation proccess of the anode plasma ond
the cffect of neutral gas injection into the yap on the impedance
characteristics including its effect on the anode plasma
cxpansion.3)

The final goal of us is to make the appropriatce density,
temperature of anode plasma and to upgrade the purity of the
extracted beam with controlable manner.

For the above mentioned purpose, we will usc the c¢ryogoenic
led€4), because 1t can use varilous anode materials or the:ir
mixture under a wide range of opera*ing condition. Figure 1
shows the schematic diagram of the diode. Frozen or condensed
dielectric materials on the cryogenic anode are used as 1on
sources. It has the capability of ion species selection and
repetitive operation. All of these characteristics arc very much

uscful for the investigation of the issues mentioned above.

3. Diagnostics

For the above mentioned purpose, besides the conventional
measuring tools such as biased ion collector, Rogowski coil and
the resistive or inductive voltage monitor, we are preparing
variocus diagnostics. They are the spectroscopy, interferometry

and the particle measurements including the neutron detection.
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We can estimate the density and temperature of anode plasma with
the spectroscopic method, macroscopic behavior of the electrode
plasma with interferometry, species and the energy spectrum of
extracted beam with a time-resolved Thomson parabola analyzer,s)
and neutral particle with resonance interferometry, laser induced
fluorescence and a neutral particle detector which can detect
fast neutral particles.e)

A schematic diagram of the experimental setup for the
spectroscopic measurements is shown in Fig.2. The light emission
from the electrode plasma is guided through an optical fiber of
7m in length to avoid electromagnetic noise. The 1light 1is
detected by a photomultiplier behind a 50cm monochromator.
Typical line profiles from D20 or HZO ion source are shown 1n
Fig.3-(a). The plasma electron density is estimated from the
Stark broadening of them and the temperature from line ratios.

When we use a DZO—H O mixture as the 1lon source, the observed

2
spectrum changed as shown in Fig.3-(b). With this kind of
measurements, we can get the information about the purity of the
beam and the expansion velocity of anode plasma.

A schematic of the interferometric mcasurements is shown in

Fig.4. At first we used a nitrogen laser as a light source cof
interferometry of the diode gap. Typical results taken by this
method 1s also shown in Fig.4. Unfortunately, the wavelcength of
the laser 1is too short for the measurements. Conventional
interferometric method recquires about 1017cm_2 particles to
obtain measurable fringe chift. Furthe.more, in general, 1t
gives only electron number density. In our configuration the
sensitivity 1limit of the plasma electron density 1is about
1018cm—3. Then we made a dye laser cxcited by a nitrogen laser

to measure the particle number density with higher resolution.
The main difficulty of the neutral particle measurcments 1s also
the low density of them. If we can use resonance cffect, the
sensitivity of the density measurements increases upto hundreds
times compared with the conventional nonresonance method.7) The

enhanced refraction n is given as a function of,
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3
n -1 = (rof/4x)(x NO/(A-)\r))

where A is the wavelength, f 1s the absorption oscillator

0 is the classical electron radius, and NO is the

atomic density. As shown, with this technique, we can get the

strength, r

density or macroscopic motion of specific atom or ion by tuning
the laser to appropriate resonance line. As a preliminary
experiments, we measured refractivity dispersion near the neutral
hydrogen Ha line by the hook method. The experimental sctup and
a typical result are shown in Fig.5. At the resonance region,
the fringe were distorted as shown in the figure. From th:is
kind of experiment, we can directly estimate the number density
of excited hydrogen atom. We can also estimate the total numbcr
of hydrogen atom under an appropriate plasma model.

A typical trace of Thomson parabola energy analyzer 1s shown
in Fig.6. The trace was measured by a CR-3$ track detcctor anc
was computer processed. When we make use of time modulation on
the deflecting electric field of the analyzer, we can get much
more information about the diode gap.S) We can determine the
energy spectrum of the extracted beam with time resolution.

We can also utilize the neutron measurements because we can
use DZO ice or DZO doped material as the ion source. Typical
signals of the neutron measurements are shown in Fig.7. In this
experiment, a barrel shaped magnetically insulated diode was usecd
and a D20 ice was used as the ion source to hit the central DZO
ice target. In the figure, the first peak is the brems-X¥-ray
signal from the diode region and the second peak corresponds to
the D-D neutron signal. When we use a polyethylene shield , the

neutron signal was disappeared as shown in Fig.7.

4. Experimental Issues
Our experimental issues are as follows,
1. How many surface layers are evaporated with diode
operation?
2. Neutral particle effect on impedance falling
3. Temperature dependence of anode plasma formation

4. Is there filtering mechanism at the anode surface?
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The first issue of our expesiments is "How many surface
layers are evaporated with diode operation?”

A preliminary experiment was perfcrmed for this 1issue.
Figure 8 shows the total number of the neutral particle emissior
from the diode region during its operation. In this exXperiment,
a Br-diode powered by a 5e-60nsec pulsc forming line was used.

The charge voltage and the field configuration of the cethodc

coil were changed as parameters. The total number of the
particles 1is estimated by the pressurc rise of the vacuunm
chamber.g) As shown with this figure, it was obscrved that

nearly 105 times of neutral particles comparcd with ions
extracted from the diode gap was emitted with <+the diod
operation, and the particle emission increased almost lincariy
with the extracted charge from the diode gap. This wvaluc
corresponds to about 1000 layers of the dielectric materials i,

we assume the emission is limited from the anode dielectrie

surface. The experimental set-up planned in our laboratory -«
shown in Fig.§g. A DZO coated HZO ice, whose coating thichknoss
w1ll be changed as a parameter, will be used as the lon souroe

Lty order to make clear the beam composition extracted fror th
source, the beam will bhe measured by the time resolved Thomaor

parabola analyzer, neutron detector ard the anode plasme by the

spectroscoplc method.

The second 1ssue 1s  "neutral particle offcct ono
impedance falling.” The formation of the surface-fiashove:
plasma occurs with large ncutral gas cmission. The 1onization

of neutral atoms injected into the gap during flashover may caus-
the cxpansion of plasma front or the impedance falling. As show:
in Sec.3, the guantity of them will bLe measured by the rescnance
optical method with temporal resolution. Figure 10 also shows
the planned experiment for the above 1ssuc. A highly
underexpanded supersonic neutral gas is puffed continuously into
the gap. The another region of the vacuum chamber will be
maintained at high vacuum condition because the surface of the
cryogenic anode acts as the cryo-pump, which is the perfect sink
against the gas injection, if the anode temperaturr iz
sufficiently low. An example of this kind of cxperiment is

shown in Fig.ll. Too much neutral particle density may result in
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an electron avalanche that leads breakdown and A-K shorting.
However, as can be seen in this figure, when we puffed the N, gas
against the cryogenic anode which 1is cooled down to 20K, the

extracted lon current increased two-to-three times compared with

the normal operation. At present, it is not known why this
increase was observed, and this reason is now under
investigation.

The third issue 1is the 1investigation of the temperaturc
dependence of the anode plasma formation processes The
temperature dependence of the extracted ion current is shown in
Fig.lZlO). In this experiment, a magnetically insulated Br
diode was used. The temperature dependence may be explained by
the surface flashover mechanism alnng the dielectric surface.
Electrons emitted from a triple junction point bombard the

sample surface to cause vaporization of the material there by

triggering the surface flashover. As shown 1n our previous
report, the turn-on time of anode plasma also has a temperature
dependencell). The temperature dependence could be explained by

the ease of vaporization at the higher temperature of dielectric
materials. {fowever, much more effort is needed to clarify this
effect because there must be many factors which influence the
anode plasma formation process.

The time-resolved mass-energy spectroscopy will be used as a
main diagnostics for the forth issue. The composition of the
extracted beam from various mixture ratio of H_,0-D.0O ice will be

2 2
measured with diodc insulation field as a parameter.

5. Summary

Our recent experimental issues to clarify the diode gap
behavior of flashover type magnetically insulated ion diode were
shown . Various diagnostic tools including resonant
interferometry for the measurement of neutral pgarticle density
are developing for that purpose. In order to obtain the
information about the issues several experiments were proposed

and preliminary experimental results were shown.
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High Pressure Operation of Beam Diodes for Generating

Relativistic Electron Beams

Hidenori Matsuzawa and Tetsuya Akitsu

Faculty of Engineering, Yamanashi University, Kofu 400

Abstract

A beam diode was operated successfully at a pressure as
high as 10_1m 10'2 Torr of gases (He, HZ’ Ne, NZ’ COZ, and SF6).
Each gas had its optimum pressure p, at which electron beam
currents were higher in peak values than those for conventional
in-vacuum operation by a factor of 1.5 or more. A relationship
P, x 0Hl.18 = const. was obtained where oy is the total ionization
cross sections in gases at some hundred keV. A model was

proposed for such operations, and those high pressure operations

are preferable to the conventional if one needs higher currents.

Introduction

Most beam diodes for generating relativistic electron beams
(REB's) have been operated at a pressure of 10‘4 Torr or less.
In our previous paper, on the contrary, a beam diode was
operated successfully at a pressure of as high as O.Z—Torr-Nz.
In this report, we tried to accumulate experimental data for
understanding such an operation.

The beam diode was operated both in the foilless and in the
conventional type. Six different kinds of gases were introduced
into the beam diode. Electron beam currents were observed as a
function of the pressure of the gases introduced. Fach gas had
its optimum pressure for generating the maximum electron beam

currents, which were always higher in peak values than those for




the in-vacuum operation. The optimum pressures were found to be
inversely proportional to the total ionization cross sections in
gases. From the experimental results we propose a model for the
high pressure operation and suggest that the high pressure oper-

ation is preferable to the conventional in-vacuum operation.

Experimental results

2
An REB generator used was reported in an earlier paper.

Figure 1 shows the cross sectional view of the diode. The
pressure of the diode was varied by controlling the flow rate of

gases, and a Faraday cup was kept in an evacuated atmosphere of

10'4 Torr. A carbon cathode faced an anode of 30-um-thick titanium

foil. The REB generator was coaxial Marx-type, consisted of t. n
stages with output voltage pulses of 450 kv, 82 J/pulse, and a
pulse width of less than 40 ns. Temporal waveforms of electron
currents were observed with a storage oscilloscope of 500 MHz

bandwidth (Tektronix 7934).

FARADAY

LUCITE PIPE CATHODE 3 50 mm

Fig. 1. Cross sectional view of beam diode.




Experimental results

Figure 2 shows the waveforms of electron currents for N, and
SF6. Peak values of the electron currents increase with gas
pressures, and decrease above 0.065 Torr for N, gas and 0.015 Torr
for SF6. Hereafter we call the pressure at which maximum currents
are generated the optimum pressure P Figure 2 shows Jurthermore
that pulse widths decrease above the optimum pressures. This is
probably because the high voltage pulses applied on the beam diode
are shorted by formation of dense plasma between the anode and the

cathode. Waveforms similar to Fig. 2 were observed for such gases
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Fig. 2. Waveforms of electron currents for N2 (a) and SF6 (b).

Vertical :74 A/div.;Horizontal:5 ns/div.




as He, ! Ne, and CO,.

l2,

Figures 3(a)-(f) show the data of those gas species.

The open

circles indicate the peak values of the electron currents, and the

solid circles indicate the pulse widths.
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the average of about twenty shots.

highest and the lowest value obtained at the respcctive time.

The error

bars

indicate the

Next, kinetic energies of the electron currents for N, are

roughly estimated from an unfolding method based on the experi-

ments on the fractional transmission.

A stack of aluminum foil

was mounted on the top of the aperture of the Faraday cup, and

transmitted electron currents were observed as

thickness of aluminum foil.

experimental and

3

a

From the agreement between the

function of the

the numerical results, kinetic encrgies of the

electron currents were estimated to be 270 keV.

The kinetic

energy thus obtained was nearly equal to that for the in-vacuum

operation.

For discussions the data of total
are summarized in Fig. 4 for the gases emploved.
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kept unchanged. The curves for H2 and Ne cross each other at
about 200 eV.
The optimum pressures Pn which were read from Fig. 3 are

plotted in Fig. 5 as a function of the relative total ionization

cross sections, Ty against those of H2 at 480 keV. The approx-
imated line in Fig. 5 has a slope of -1.18. Therefore, Ph
satisfies the relationship Pp * 0H1‘18 = const.

The optimum pressures were also plotted against the relative
total ionization cross sections at 100, 150, 200, and 300 eV,
because the relative total ionization cross sections change
drastically at some hundred cV for H2 and Ne. The points for H2

and Ne, however, deviated much from an approximated straight line
for either case of those low energies. The reasons for choosing

the kinetic energy of 480 keV are that the ionization cross
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Fig. 5. Optimum pressures p, at which maximum currents are
obtained vs. the relative total ionization cross sections

at 480 keV.
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sections for SF6 were discussed previously concerning the self-
focusing of REB's at the kinetic energy and that the cross sections
at 480 keV are almost equal to those at 270 keV.

For a comparison, we mention here experimental results for
a foilless diode: The anode of titanium foil was removed, and
net currents were detected with an axially movable Faraday cup10
which was mounted 20 mm apart from the cathode, inside the peri-
odic permanent magnets (PPM).1 The optimum pressures for these
conditions are summarized in Fig. 6, following the relationship
Py X 0L0'75 = const. where o is the relative total iorization
cross section at a low energy of 150 eV. This value of the kinetic
energy was deduced from the facts that for either value of the
total ionization cross sections .t 100 and 200 eV the points for
”2 and Ne deviated from an approximated line connecting the points

for other gases.

1o He 150 eV
E : Ne
2 S Ha
< a4k 3
[ ]
3t Ny
wl
x 2 ™
2 €02
7]
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a i SFg
1 S | l 1 L S DA U O | l}
05 1 2 3 45 10

RELATIVE TOTAL (ONIZATION CROSS SECTION

Fig. 6. Optimum pressures Pp for foilless diode operation as a
function of relative total ionization cross sections at

150 ev. Approximated line has slope of -0.75.
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Discussions and summary

Many reports have been published on the propagation of REB's
11-15 16,17

through low pressure gases and on collective ion acceleration.
Miller et 3113 derived experimentally a relationship P60% X 0y
= const. where P60% is the pressure at which 60 % of the injected
REB's was c¢ollected by a Faraday cup after travelling a tube filled
with low pressure gases and o is the total ionization cross
sections at the kinetic energies of injected primary electrons.
The number density of ions produced via collision processes is
proportional to p x 9 where p is the gas pressure. Therefore,
Miller et al's relationship is understood to be a condition that
a given number of ions must be produced to charge-neutralize17
the injected REB's and to realize the highest transport of REB's.

Figure 6 suggests that electron multiplication is governed
mainly by electrons of the kinetic energy of one hundred and some
ten eV. From Figs. 4, 5, and 6 and Miller et al's results,13 we
can picture the processes of electron multiplication observed in
this paper as follows: A certain amount of primary electrons is
produced when a high voltage pulse is applied to the diode as in
the conventional in-vacuum operated diode. The primary electrons
accept kinetic energies of some hundred eV quickly while travelling
a very short distance from the cathode. These electrons of such
energies produce many secondary electrons via ionization colli-
sions with gas molecules as shown in Fig. 4. Both the primary and
the secondary electrons are then accelerated toward the anode, and
collide with gas molecules less frequently as the electrons are
accelerated more. While these electrons are accelerated, they are

charge-neutralized by positive ions and are less influenced by

space-charge force. There exists, therefore, an optimum gas




pressure at which the electron currents are charge-neutralized.
As a result of these processes, we can collect the maximum electron
currents at optimum pressures Pp-

The deviation of the slope from unity in Fig. 5 is probably
due to the process that electrons collide with neutral gases while
being accelerated in contrast to the process in Miller et al's
experiments13 where electrons were injected into gases after being
accelerated. The accuracy of indication of a vacuum gauge (Pirani
type) used also may have affected the slope in Fig. 5.

Diodes of high pressure operation have some drawbacks: One
of them is that the diodes can not produce long pulses in duration
time of electron currents due to shorting of the diodes. Another
of them is that the electron beams have in principle energy
spectra degraded as compared with those for in-vacuum operated
diodes. When higher electron currents are required in spite of
these drawbacks, however, diodes should be operated at pressures

1 2

of the order of 10~ ~ 10°° Torr.
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